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Preface

There are few fields of scientific investigation in which accurate measure-
ments of electrical resistance are not required. For this purpose the Wheat-
stone bridge, in one of its several forms, is almost universally used. This instru-
ment is comparatively simple to use and at the same time has a very high sen-
sitivity. Unfortunately, however, sensitivity and accuracy are not synono-
mous, and some knowledge of the practical limitations of resistance-measuring
bridges is needed by all users. This circular is intended to supply such infor-
mation. Although the presentation is essentially nontechnical, it is believed
that the subject matter will be of value to any one interested in the accurate
measurement of resistance

In addition to information about the use of resistance bridges, this circular
presents methods for their calibration. The subject matter is limited to direct-
current calibrations, and the methods discussed are those regularly used at this
Bureau when an accuracy of 0.01 percent or better is required. No attempt
is made to present a complete discussion of methods of resistance measurement
or to consider the relative merits of various methods. Those presented are
comparatively simple, being based largely on substitution procedures, yet they
are capable of yielding results of high accuracy.

E. U. CONDON, Director.
Jr
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Precision Resistors and Their Measurement
By James L. Thomas

Abstract

This circular contains itformation on the construction and characteristics of wire-wound
resistors of the precision type. There are also included descriptions of the methods used at
this Bureau for the test of precision resistors and the calibration of precision resistance
measuring apparatus. Although the presentation is nontechnical, there is a considerable
amount of information on the characteristics and limitations of apparatus of this type that
should be of interest to any one making accurate measurements of electrical resistance.

I. Introduction
1. Definition of Resistance ing in it is dependent on the material and dimen-

sions of the conductor, more precise experiments

The modern concept of electrical resistance is showed it to depend upon temperature and even
based largely on the work of G. S. Ohm, who in upon the presence of stress in the conductor.

1826 published an equation that was formulated Instead of incorporating such quantities in our

on the basis of his experiments with direct-current equation for the current, we say that the resistance
circuits. In modern terminology this equation is is a function of temperature and stress, and for a

given conductor we must state the values of
A temperature and stress for which a value of

[-y 1 E, (1) resistance is given.
The fact that resistance is a function of tem-

where E is the potential difference across a con- perature is made use of in temperature measure-
ductorments, the resistance of a wire being measured at
acuctrroflength I, anow. csefctiona apeas u n when known temperatures or fixed points and then at
a current, I, flows. The factor- depends upon the the unknown temperatures. Also, changes in
material of the conductor and is now called con- resistance with dimensions are utilized for measur-
ductivity (see sec. VI). The above equation was ing small displacements, and change in resistance
abbreviated by Ohm as with stress is utilized for the measurement of

E liquid pressures. In addition to such phenomena,
=/ (2) a large number of physical and chemical phenom-

ena are investigated by means of measurements ofelectromotive forces, and the measurement of
where .Y' is the length of a hypothetical wire electromotive force is customarily carried out by

having unit conductivity and cross-sectional area.
Y was then the length of a wire across which unit measurements of resistance ratios. Electric cur-

current would produce a unit of potential difference, rent is readily measured in terms of the potential
that is, Y was Ohm's unit of resistance and his difference across a known resistor. In fact, a
experimental equation can be abbreviated as large proportion of electrical quantities is meas-

ured by methods that involve the measurement
E= RI. (3) of resistance.

In some cases the resistance of a conductor
This equation is almost universally referred to as depends upon the magnitude of the current flowing
Ohm's Law, although some writers contend that through it. That is to say, Ohm's law is not
the longer form should be so designated. Although applicable, and the resistance must be determined
experimentally determined for individual con- under the conditions of use. Also, the resistance
ductors, Ohm's Law was soon applied to the entire of all conductors is to some extent a function of
circuit if E designates the net electromotive force frequency, and the resistance must often be deter-
in the circuit. mined in such a way as to allow for the effect of

2. Importance of Resistance frequency. However, the content of this circular
Measurements is limited largely to direct-current measurements

of resistors which follow Ohm's law, with special
Although Ohm found that the ratio of potential emphasis on precision measurements, i. e., meas-

difference across a conductor to the current flow- urements to 0.01 percent or better.



3. Types of Resistors Stability with time and temperature are also the
important characteristics required for resistors

Resistors are used for many purposes with a that are to be used as reference standards for tie
correspondingly large range of types and accuracies calibration of other resistors.
of a(ljustment. They are used as electric heaters, Standard resistors are usually commercially
as current-limiting devices su'ch as motor starters, available only in decimal multiples or fractions of
for component parts of radio, telephonic and tie unit, usually from 0.0001 ohm to 10,000 ohms.
similar equipment, and in electrical instruments of These are of two general types of construction,
greater or less precision. For some applications either two-terminal or four-terminal types. For
adjustments must be made to perhaps 10 to 20 values of resistance where the resistance of the
percent, whereas in others the resistors must be contacts, made in connecting to the resistor, is not
within 0.01 percent or less of their nominal values, negligible, it is custonmary to use four-terminal

For use as heaters, resistors are usually ma(le of resistors. Whether or not the contact, resistances
special alloy wire that will withstand high tenmper- are negligible depends upon the accuracy desired,
atures for long periods of heating. The most used but in general standard resistors of l-ohmn and less
alloy for this purpose is of nickel and chromium, are of the four-terminal type, higher valued r,-
with or without the addition of a considerable sistors nee(ling only two terminals. Special stand
amount of iron. These alloys can be kept at a art! resistors are required if all accuracy of better
" re(l heat," in air for long periods of time without than 0.01 percent is required. These are usually
damage from oxidation. High-resistance units for sealed to protect the resistors from the effects of
ra(lio circuits are often made from a nonconducting oxygen and moisture in the atmosphere, whereas
binder, such as clay, with which is mixed sufficient resistors for an accuracy of 0.1 percent do not re-
pow(ere(d graphite to make the material slightly quire such protection. Although precision resistors
con(ucting; or from a nonconducting rod on the are ordinarily adjusted to their nominal values to
surface of which is deposited a conducting film. 0.01 percent or better, they gradually change in
For resistors to be used in precision instruments resistance with time. For work to this accuracy it
the important quality desired is stability with is desirable to have standards recalibrated occa-
time and temperature, and special alloys have been sionally, applying if necessary corrections corre-
developed, which are discussed in section II. sponding to their (departure front nominal values.

II. Resistance Materials and Construction Methods
1. Resistance Alloys 20 or 30 percent, with a corresponding reduction

in copper.
Mfanganin. Since their introduction in about On the basis of small temperature coefficients

1890, alloys of copper, manganese, and nickel there would appear to be a wide choice of comn-
have come into almost universal use as resistance positions for alloys of the manganin type. Ilow-
materials for precision resistors and for resistance ever, in order to keep the thermoelectric power
measuring apparatus. The most common of these against copper as low as possible it is necessary
alloys is "manganin" which has the nominal to keep the nickel content low, as the thermo-
proportions of 84 percent of copper, 12 pejwent of electric power increases rapidly in proportion to
manganese and 4 percent of nickel. This material the amount of nickel above 2 or 3 percent. Also,
has a resistivity of 45 to 50 microhm-cm, a thermo- if the nickel is kept constant and the percentage
electromotive force against copper of 2 or 3 of manganese is increase(d thie curvature of the
Uv/ 0 ' C., and, when properly heat treated, is very resistance-temlperature curve increases. This
stable in resistance with time. means that although the resistance might have

The electrical properties of alloys of copper, tile same value at 00 and 1000 C., the departure
manganese, and nickel over a large range of pro- from this value at intermediate temperatures
portions were investigated in 1925 by Pilling [1 1' increases with the manganese content. It is
anti later for alloys made of high-purity ingredi- therefore desirable for general use to have an alloy
ents by Dean and Anderson [2]. Both of these that is as low as possible in both nickel and
investigations showed that an alloy having a manganese.
temperature coefficient that averaged zero over hie publisheld data onl copper-manganese-
the interval 0 to 100' C. would be obtaincd with nickel alloys give average temperature coefficients
approximately 10 percent each of manganese and over a temperature interval of some 80 to 1000 C.
nickel, the remainder being copper. A series of These data do not show the best compositions for
allovs also having zero temperature coeflicients use at ordimirv laboratory temperatures. If it
could be obtained by increasing separately either is desired to keep the thernoelectric powcr against
the manganese or the nickel up to as much as cop)per as small as possible, tile alloy should have

l IFuri, in Ira(kets indicate the literature references at the etid of 1is a content of about 2 percent of nickel and 14
paper percent of manganese in order to obtain at the

2 Cir-ular. of the National Biureau of Standards



same time a small temperature coefficient of same. From the ingot, manganin is usually
resistance at ordinary room temperatures. On worked cold with an occasional softening by
the other hand, if the thermoelectric power is of heating to a"red heat." If thii annealing is (lone
no importance the resistance of an alloy of about in air there is a selective oxidation of the surface
20 percent of nickel and 10 percent of manganese that breaks down the alloy arid leaves a coating
wotild be most constant with temperature in the with a relatively high conductivity. This surface
ordinary range of laboratory temperatures. The layer may be removed by "pickling" in an acid,
aceet)ted composition of manganin, 84 percent of but again the action of the acid is somewhat
copper. 12 percent of manganese and 4 percent of selective, and the surface layer is left with a
nickel is reasonably (lose to the optimum for a slightly different composition from that of the
general purpose resistance alloy. Fortunately interior. These complications add to the diffi-
the proportions need not be exact, as tihe melting culty of the control of the quality of manganin
losses make the composition somewhat difficult wire. In addition, the completed resistance coils
to control. are usually baked at about 150' C for 24 to 48

If the resistance of a sample of rmanganin is hours in order to stabilize the resistance. This
plotted against temperature, the curve will be found baking also affects the temperature coefficient of
to be of the general shape of that shown in figure 1. the wire by amounts depending upon the size

of the wire and the length of time of the baking.
All of these factors make it difficult to produce
resistors with the maximum at the best tempera-

ZU ture, usually between 20' and 250 C. However,
,.0- precision resistors of good quality usually can

W Ee obtained with temperature coefficients in that
0 interval of not more than 10 ppm/0 C.

0. 4 Temperature coefficients of resistance change
°o 0 100 200o 300 400 5oo little with time, and if changes do occur in their

TIMPERATURE "C values there is very probably an accompanying
FwviGtnR 1. Resistanre-temperature curvefor manganin, large change in resistance. Standards that are

stable in resistance need not have redetermina-

The maximum, 1f, of this curve is in the neighbor- tions of their temperature coefficients. Although

flood of room temperature, being generally be- the data are meager and only the order of magni-

tween 20' and 50' C, while the minimum, N, is tude is known, it appears that for manganin

at about 350' C. Somerville [31 found the differ- resistors a change in resistance of one part in a

ence in resistance between tile maximum and the thousand will be required to change the slope

minimum to be about 12 percent of the value at of the temperature-resistance curve at room

the maximum, temperature by one or two parts in a million

For an interval at least 150 to'200 C on each side per degree centigrade.
of the maximum, the resistance-temperature Constantan.-A series of alloys of nickel and
curve for manganin is symmetrical with respect copper containing 40 to 60 percent nickel, with

to a vertical axis. Its equation can be accurately a small amount of manganese to improve their
represented bvy mechanical properties, all have practically the

"same electrical properties. These alloys are
R,=R25[l+a(t-25)+#(t-25)2 ], (4) sold as "constantan," or under various trade

names, for use as thermocouple materials, and
where R, is the resistance at tPC and R., is the have thermoelectric powers against copper of
resistance at 250 C. The coefficient a is the slope about 40 p~v/ 0 C. However, except for their
of the resistance-temperature curve at 250 C, and large thermoelectric powers the electrical prop-
for manganin of good quality a has a value of erties of these alloys are remarkably similar to
OX 10-6 or less. The value of 0, which deter- those of manganin.

mines the curvature at any point in the intervil, The resistance-temperature curve for constantan
is usually between -3X510-1 and -6XIO-1. is similar to that for manganin shown in figure 1.
This means that 100 C either side of tihe maximum Its maximum is at or near room temperature with
the resistance is less than at the maximum by the minimum around 5000 C. The difference in
from 30 to 60 parts per million (ppm). resistance between the maximum and minimum is

The temperature at which the maximum of somewhat less than for manganin, and the curva-
resistance occurs is a function of the thermal and ture in the neighborhood of the maximum is also
mechanical treatment of the manganin as well less. As a consequence, constantan changes some-
as of its composition. Different size wires drawn what less in resistance over the ordinary range of
from the same melt will have maxima at different atmospheric temperatures than does manganin.
temperatures, that is, at any given temperature Its stability with time is about the same as that of
their coefficients of resistance will not be tile manganin. At room temperature the resistivity

I'rei.•ion Re.xi.torx and T7'heir AMea. urem ent 3



of constantan is 45 to 50 microhm-cm as it is for small. Resistors of this material have b)een
manganin. produced such that the total (liange in resistanice

Resistance coils of constantan are sometimes in the interval 20" to 30' C (lid not exceed a few
used instead of manganin in values of 1,000 ohms parts in ten million. The thermoelectric power of
and above. They may also be used in smaller this gold-chromium alloy against copper is several
denominations in cases where no difficulty will times that of nianganin, being 7 or 8 •,v/' C at
arise from the large thermal emf's, as for example 25' C. The stability of this alloy with time has
in alternating current circuits. not been thoroughly tested but prelimninary results

Therlo.-When manganin was first (leveloDe~l a were promising.
small amount of nickel was added to the copper For many applications the extremely smnill
an(i manganese in an attempt to reduce the ther- temperature coefficient of gold-chromiumn alloy
moelectric power of the alloy against copper. iiakes its use desirable. However, the tempera-
With the proportion of nickel now used the ther- ture coefficient must be adjusted for each coil by
moelectric power against copper at room tempera- baking, and the cost of this adjustment limits the
ture is almost the same, although of opposite sign, use of the material. Although the t(emperature
as when the nickel is omittedl. However, the Coefficient mav be made small at room tempera-
nickel improves the mechanical properties of the ture, the interval over which the coefficient is
alloy and probably reduces the surface action small is not more than 20' or 30' C. The tem-
during forging and annealing. perature-resistance curve is similar to that for

The development of therlo was another attempt manganin, as shown in figure 1, but with 11 and N
to reduce the thermoelectric power of copper- much closer together in temperature anti in re-
manganese alloys against copper. Instead of sistance.
nickel, an equal percentage by weight of aluminum Othfr Allo ys.- It is probable that all resistance
was adlded to the copper and manganese. As its alloys that have small temperature coefficients at
name implies, the resulting alloy had a very small room temperature have temperature-resistance
thermoelectric power against copper at room tem- curves that are cubics, similar to that of manganin
peratures, less than luv/°C. Its other electrical shown in figure 1. These curves are nearly
properties are almost identical with those of man- straight in the neighborhood of the inflection
ganin. However, as the thermoelectric power of points between the maxima and minima. The
manganin against copper is only of the order of 2 ideal resistance alloy for use in instruments would
or 3Mv/°C, the improvement was of little signifi- have this inflection point at room temperature
cance. with a zero slope. Moreover, the maximum and

At the National Bureau of Standards [4] an minimum should be at widely separated tempera-
investigation has been made of copper manganese- tures so that the zero slope would be obtained over
aluminum alloys of the therlo type. There it was the usual range of atmospheric temperatures. Of
found that for a resistance alloy the best composi- the alloys already discussed, only gold-chromium
tion is 85 percent of copper, 9.5 percent of man- has the inflection* point in the neighborhood of
ganese, and 5.5 percent of aluminum. This alloy ordinary room tvii.pcratures, the others having
has nearly the same resistivity as manganin, its small slopes because of use near the point of
temperature coefficient at 250 C can be brouglht to maximum resistance. None of these have small
zero by a suitable heat treatment, and the c iange coefficients over a very large .temperature interval.
in the temperature coefficient with temperature is Allovs of nickel and chrornium. are commercially
about half that of manganin, at least in the ordi- available that have practically linear temperature-
nary range of room temperatures. Its thermo- resistance curves over an interval of several
electric power against copper at 25' C is only hundred degrees centigrade, which interval in-
about 10 percent of that of manganin, and this cludes ordinary atmospheric temperatures. Al-
thermoelectric power may be further reduced by though the temperature coefficient is constant, it
the addition of a very small percentage of iron, is too large for use in apparatus where the highest
without materially affecting the other properties accuracy is required. Recent attempts to reduce
of the alloy. The stability of such alloys with the coefficients of these alloys by the addition of
time was found to be equa to that of manganin. comparatively small amounts of other materials,
Except for unusual applications, the difference such as copper and aluminum., appear - ery promis-
between manganin and therlo is of little importance ing. It is quite possible that an alloy and heat
and the alloys may be used interchangeably. tbeatment will be developed such that no correction

Gold-chromium.-An alloy of recent introduc- for temperature will need be made. at least
tion, which appears to be very promising for some throughout the range of laboratory temperatures.
applications, is gold with slightly over 2 percent of
chromium [5]. This alloy has a resistivity at 2. Spools, Winding and Adjustment
room temperatures of about 20 times that of cop-
per. By baking at fairly low temperatures the In the beginning of the electrical instrument
temperature coefficient can be made extremely industry, wire coils were wound on wooden spools

4 Circulars of the National Bureau of Standards



like those that are still used for thread. How- layer of wire. Although this requires the use of
ever, because of the demand for increased accu- smaller wire than for multilayer coils, there are
racy, these wooden spools have been entirely re- several advantages. In the first place, the heat
placed by metal spools for resistors of high quality, dissipation is more satisfactory for a single-layer
The reason for the change to metal has been two- coil, since a considerable temperature rise may be
fold. In the first place, the wooden spools absorb obtained in the center of a multilayer coil as a
moisture in amounts dependent upon the humidity result of the passage of the current through the
in the air, and expand or contract therefrom. This coil, and the load coefficients are usually large.
results in varying stresses applied to the wire, with Moreover, multilayer coils are more subject to
accompanying changes in resistance. change in resistance because of changes in atmos-

A more important reason for the use of metal pheric humidity (see section II, 6), and are
spools is the fact that they more readily dissipate usually found to be less stable in resistance with
the heat produced in a coil by the passage of the time.
current. The wire is woun in rather intimate After being wound, the coils are artificially aged
thermal contact with the metal spools, and the by baking in air at about 1500 C for 48 hours,
heat is readily transferred to the spools. The en- after which they are kept for a considerable period
tire surface of the spools, both inside and outside, of time before final adjustment. Some manu-
is effective in dissipating heat to the surrounding facturers impregnate coils before baking with a
air. However, for wooden spools the area that is shellac varnish, while others impregnate them
effective in dissipating heat is largely the exposed after baking with special waxes. The final adjust-
outer surface of the resistance wires. When metal ment is usually accomplished in two steps. The
spools are used, the temperature rise for a given excess wire is cut off in order to make the resist-
heat dissipation depends primarily upon the size ance just slightly less than the nominal value.
of the spool and only to a minor extent upon the Copper lead-wires, which are usually somewhat
size of the wire. However, the wire size should larger in diameter than the resistance wire, are
be selected so as to cover the spool as completely then silver-soldered to the ends of the coil.
as possible, and if necessary the turns should be Final adjustment is made by filing or scraping the
spaced to prevent bunching of the coil at one end resistance wire near the end, care being taken to
of the spool. see that the metal cuttings are not forced into the

For many alternating-current applications, the insulation. Any filed part is finally painted with
use of metal spools is undesirable or even out of shellac varnish, which is allowed to air dry. For
tile question. For such applications, when wire- coils of the highest precision the interval between
wound coils are required, wooden spools may be bakingand final adjustment should be as long as
used, although for these purposes ceramic spools practicable, an entire year being desirable.
have come into rather general use. The objections
to ceramic spools for resistors of high precision
are their poor heat conductivity and the fact that 3. Sheet-Metal Resistors
their temperature coefficients of linear expansion
are very much smaller than for the resistance wire. Precision resistors having values of 0. 1 ohm or

Metal spools are ordinarily of brass, which has below are usually made of sheet manganin brazed
a coefficient of thermal expansion nearly the same or silver-soldered to heavy copper terminal posts.
as that of the resistance alloys. This avoids large Potential leads are attached as shown in figure
changs in stress in the coils because of tempera- 2. Here C and C are copper rods, with binding
ture changes. The spools are ordinarily mounted posts at the top, attached to the sheet of resistance
with their axes vertical, and both ends should be material, S. The resistance material may be a
left at least partially open in order to allow a single sheet of manganin or several sheets in
ready flow of convection currents of air through parallel. The sheets are often not straight but
the spools. Before being wound, the spools are are bent in an S-shape in order that greater
enameled or covered with a single layer of silk, lengths can be used. Additional binding posts
which is impregnated with shellac varnish and P, P are used as potential terminals and are
allowed to air dry. connected by copper wires soldered at some point

The resistance wire is generally double-silk or on the copper terminal bars. For a resistor of
silk and cotton covered, and often the wire is this type the resistance is measured between the
enameled before these coatings are applied. The two branch points. This is to say, the resistance
correct length of resistance wire is cut, doubled at is equal to the ratio of the potential difference
its center, and the center is attached by means of between the potential terminals P, P to the current
a thread near one end of the insulated metal spool. flowing in and out the current terminals C, C.
The two halves are then wound side-by-side (bi- For standards, sheet-metal resistors are mounted
filarly) after which the free ends are tied down in perforated containers with hard rubber or
with silk thread. bakelite tops. These are often used in oil baths

High-quality resistors are wound with only one in order to facilitate the dissipation of the heat

Preci8ion Re8istors and Their Measurement 5
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P c c P are lowered on the current posts [6]. This effect
-- -- is large when the resistance of the copper terminal

posts is high in proportion to that of the resistance
"element. For standards of very low resistance,
large temperature coefficients may result unless
the potential branch points are carefully located.

4. Accelerated Aging

After being wound, resistance coils are impreg-
inated with a shellac varnish and given an accel-

erated aging by baking. The temperature for
baking is limited by the silk insulation, which
should not be heated above about 1500 C, and the
coils are usually baked at this temperature for 48
hours. As a result of the baking the resistance of
a coil may decrease, sometimes as much as 1 or
2 percent, and a sufficient length of wire must be
used to compensate for this change. After being
baked, the resistance of the coils is much more
stable with time than is that of unbaked coils.
This aging process is often called "annealing",
but it is doubtful that the improvement in stability
results from the relieving of internal stresses in
the wire, as happens (luring true annealing. In
the two or three months immediately following
their baking, resistance coils will ordinarily in-
crease in resistance by an amount that is usually

Fi;URE 2. Sheet-metal resistor. of the order of 0.01 percent. They then are ready
for final adjustment.

caused by the flow of current through the resistance Sheet-metal resistors are usually painted with
element, a lacquer or shellac varnish as a protection of

An accelerated aging of these resistors is ob- the surface. This coating limits the temperature
tained by heating in air at 1500 C for 48 hours, as to which these resistors can be raised during aging,
is done for wire-wound resistors. Final adjust- and they are usually treated in the same way as
ment of the resistance may be accomplished by insulated wire-wound coils, being baked at 1500 C
changing the points of attachment of the potential for 48 hours. Sheet resistors may be heated at
leads, the resistance decreasing as the points of high temperatures before being 'lacquered, but
attachment are lowered. Increases in resistance such treatment is apparently no improvement
may be obtained by scraping or by drilling holes over baking at 150' C, as far as subsequent
in the resistance material. Small changes can stability is concerned.
be obtained by filing the copper current posts,
but the direction of the change is dependent upon 5. Annealed Resistors
the location of the potential leads.

Adjustment of sheet metal resistors is often As has already been stated, the usual baking of
accomplished by making U-shaped saw cuts in wire-wound and sheet-metal resistors is not (lone
the sheet, with the open ends of the U's pointing at a sufficiently high temperature to anneal the
in the direction of flow of the current. The U- resistance material. As baking at 150' C im-
shaped tabs so formed are bent outward and to proves the stability with time, it would be logical
them are attached the potential leads. Adjust- to expect greater stability if the heating were
ment is made by increasing the length of the U carried on at a sufficiently high temperature to
cut. Lengthening one cut will increase the four- obtain actual annealing. In the case of manganin
terminal resistance, whereas lengthening the other this takes place between 500' and 6000 C.
cut will decrease the resistance. *The annealing of metal is a complicated process,

Not only may the resistance of a four-terminal but the first step is probably a reformning of the
resistor of the type shown be altered by changes metallic crystals to the shape they had before
in the points of attachment of the potential leads, being cold-worked. This results in the relieving
but it is possible to change the temperature co- of many of the internal stresses that resulted from
efficient of resistance in the same way. In fact, the distortions of the crystals. The amount of
the temperature coefficient is lowered at the same this restoration of the metal to its preworked
time as the resistance if the points of attachment condition depends upon both the annealing tem-

6 Circular8 of the National Bureau of Standards



perature anti the time. In general, the higher instability would be avoided or re(luced if a coil
the temperature tile shorter the time required were annealed and mounted in it vacuum.
for a given annealing. If the annealing is con- Annealed resistors mounted in vacuo have been
tinued after crystals have been restored to their tested at the National Bureau of Standards and
original condition, there may result an actual found to be very stable. It is difficult, however,
uniting of adjacent crystals, with an accompany- to seal the coils in suitable containers for high
ing decrease in the mechanical strength of the evacuation. Equally good results have been
material, obtained with annealed coils mounted in sealed

For base-metal alloys, annealing should take metal containers filled with dry air. Whatever
place in a vacuum or in an inert atmosphere to the effect of the air, an equilibrium con(lition is
avoid a reaction between the metal and the sur- soon obtained when the supply of air is limited.
round'ing air. Such reaction might take place Probably the most stable resistors that have been
inside the metal at the intererv stalline boundaries made are a group of annealed 1-ohm inanganin
as well as at the surface of the metal. These resistors mounted in double-walled air-filled con-
reactions do not necessarily decrease the stability tainers, now being used at the National Bureau of
of resistance with time if the products are stable Standards (81 for maintenance of the unit of re-
There may, however, be a selective reaction that sistance.
makes the material inhonmogeneous, an(] this might Although good annealing improves the stability
have a considerable effect on the resistivity and of sealed resistors, it is apparently of no special
temperature coefficients. value for unsealed (oils. When mounted in open

WVhen a resistor is made by winding wire on a containers, annealed resistors cannot be expected
spool, the wire usually will not straighten if it is to be any better than, if as good as, those baked
removed from the spool. This means that parts at 150' (2. This is true even if the resistors are
of the wire have been stressed past, their elastic varnished or enameled after the annealing. None
limit and a permanent deformation has taken of these coatings is impervious to the atlmos-
place. For such a bent wire the portions farthest )hlere, and they merely retard any reaction be-
from the center of the spool have been elongated tween the air and the resistance material.
past their elastic limit, while the filaments nearest
the center of the spool have been compressed 6. Effects of Humidity
beyond the elastic limit. Intermediate filaments
are subjected to strresses that depend upon the It has long been known that wire-wound re-
changes in their length, which resulte(l from the sistors undergo seasonal variations in resistafnce,
bending. Tihe stress distribution is from a maxi- being higher in resistance in summer and lower in
mum in tension to zero and then to a maximum winter. This effect is most noticeable in high
in compression. These stresses are superimposed resistance coils of small wire, and even in high-
upon the stresses that were produced in the wire grade resistors may amount to several hundredths
as it was being fabricated, of a percent of the resistance. The effect is to a

These internal stresses in a wire result in a large extent a result of changes in average humid-
slight change in the shape of its cross section. In ity, and is greatest in climates where there is a
addition to this change there is a change in re- large difference in humidity between winter and
si.tivity, which results from the presence of the summer. This seasonal change was first observed
stress 17]. The resistivity is therefore not uni- in the(, case of manganin resistors inade with silk-
form aross the wire, and the difference between covered wire. The accepted explanation was
parts of the wire may amount to nearly 1 percent that the resistance changes resulted from dimen-
in the case of manganin, and perhaps more for sional changes of the shellac with which the coils
other alloys. Although the resistivity changes were impregnated, as the shellac absorbed )r gave
consi(lera' ly when a wire is bent, there is not, off water vapor.
necessarily much change in resistance, as the The effect of moisture on resistors hhs been
change in resistance of the parts under compression thoroughly investigated by Dike [9), who came
may compensate for the change in the parts under to the conclusion that the effect of changes in
tenli on. humidity is to change the tension in the silk with

The effect of annealing of a coil of wire is to which the wire is customarily insulated. This
redu(ce the internal stresses, thus making the change in tension changes tit(, presstire trans-
resistivity inore nearly uniform in the wire. It is mitted to the wire by the insulation and hence
probabhle that a slow" annealing takes place at changes the resistance. Ile also found that the
room tempera tures, and the accompanying reduc- effect of humidity on cotton insulation is opposite
tion in thie internal stresses may be one reason to that )n silk, and by using a mixture of cottor
for tie di,'ange with time of the resistance of a coil and silk fibres for insulating tihe, wire he was able
of wire. Another cause for change might well to eliminate most of the seasonal changes in re-
he sone reactlion between the wire and the stir- sistance that result from changes in humidity.
rountling it niosphere. Both of these sources of For standard resistors tile effect of hunmidity
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heatinig. Tite objectionl to tite (iii is thle fact that
it may Iin time becomev somewhat acid , and the(
aci(l may1t corrodle tile ipsist aiiev WI 1' or injutre
tite izisulat ion.

W The a(Ivailtoge of readyv dissipation of heat

-- combined with he ati-ofirict Icsaing
T B resistor [8] developed at tile- BtureauL. Ini thisl, type

the container is madle of coaxial cylind~ers onily
slightly different in (liameter with thev spac
between the cylinders settledl. Thev resijitazicv
elemeneit is mounitedl in tinls sealed space Ini goodl
thermal contact wi th t he sinidleri cViinder, wliiclii
serves as the inside wall of t he 'onitaliner. ( )Iie
of these resistors Is shiownt Ii figur e 4. Tite outside
(diameter of the conitaineri is 9 cin a ad its lIingtli

0 13 cm. Tlit' series of' holes neal' the top iiit-( juLst
0above the (lotille-walledl part and are Intendedl to
0 ~increasev tlie facilitieS for cooling, and~ tlie (,oil

0 ~taliners flue left open at tte lbot tomn folr the samev
_*Opur'pose. These (loull e-witiled resistors I'(ii(lii

00gi ve 11ip heat to al io il bI ath yiet aire not, iiflved't&t

0l yhuw dt changes. The sealedi space il, wbirici
0 0 the coil is mioun ted is filled with dry atili-, and no oil

Dcomes iln contact withI the resistail1ce InaiteiiLil.
0 The seasonal chang-es iii resistance of stand~ardl

wIDresistoirs t ha t arise fromt chiaiiges inllitimi~ldit v
H Iare r-ead ii , v limina1111ted, as hans jist bveen d sciissed(

In' sealing ill metal conta iners. This arranggement
Is iiot sat isfa~ctor'y for large inst rtiments and nwas-A tiring apparatus, which are not readhily svaledl
If tile cases of such equipmenti, t. are reasonably

Fie URE 3. National Bureau of Standards standard resistor, tight a drier. stichit s calcium chloride, may bev
kept irisiole the caise. Thisl, procedtire is somewhat

may be also eliminated by Mounting the coils hazardous, since if not ireplaced w.ith a sufhicient
in seatled containers. This p~rocedultre was first frequpency tlie (I ri-el' mafy lieconuie dissolved Ill
adlvocatedl by Rosa [101 who dlesignedl tite resistor
shown in figure 3, known as the NBS type of
standard resistor. In this figure, R? represents
the mianganin (coil mouintedl on a siik-int~iliiteti
brass sp~ool anol bakedl as described ]ii sect ion
11, 4. This coil is stipported from the hard-
rubber top, T, by means of the( thiermnoi(te.1
tubie, It', which is so arranged that at theri'oniet er
c~an be inseitedl from the( outsidIe. Thev copper
leadl wires, which are silver-soldered to tw lie('ids
of the resistance ('oil, ai'e, in turi'n soft-soldered to
the copper binding posts, B. The liartl-rtbbi-i
top is screwedl into tite metal container, C", which
is filled with a good quality light mineral oil.
The binding posts, thermometer well and the(
threads by which lethe hai'd-rubhber top is conne(ctedl
to the container are all settled with shl~elac', which
is not soluble in oil.

The( purpose of thle oil is to give good thierial
contact between the( resistoi' and the case anid to
facilitate the dissipation of the heat dlevelop~ed
in the resistor by the( current through It. Ili
addition, the oil in effect Increases the heat
capacity of the resistor, thus increasing the c'ur-
rent that it can carry temnporarily w~itiout over- u-w tit- 41. bout/v -wW, uot/,I dai d re si'4or.
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adsorbed water and be spilled on the coils. The changes of resistivity. For sti'h resistors tihte
use of silica gel avoids this danger. A more effect of the heating may usually be taken into
satisfactory method is to mount a heater in the account by measuring the temperature clhange and
apparatus and, by means of a thermostat, main- calculating the change in resistance from the
tain the temperature of a metal box containing temperature coefficients of the resistor. FIor
important resistors at a constant value, above that sheet-metal resistors the effect of stress (-halges
of the laboratory. In this way the relative may lbe important and the calculated change cannot
humidity is kept always low and seasonal varia- be relied upon.
tions may 1w reduced. Additional advantages It should be evident from the above discussion
are that. no temperature corrmctions need be that the load coefficient of a resistor is a rather
applied when calibration is made unler conditions indefinite quantity, varying with time of flow of
of use, and that resistors will usually b)e more the current anod with tih environment of the resis-
stable in resistance if kept at a constant tempera- tor. To be of value it should be measured unher
ture instead of being allowed to follow variations conditions of use. \feasurement is usually made
in laboratory temperatures. by passing the desired current through tire resistor

and a second resistor connected in series, measuring
7. Load Coefficients the ratio of resistance both with negligible and

with the required heating. This ratio may be
The load coefficient of a resistor is defined as measured bv means of a bridge or a potentiometer,

the proportional change in resistance caused by and the co'mparison resistor should be one that
the ")-oduction of heat in the resistor at the rate is not ap)preciably affected by the test current.
of on, watt. This change, however, is a function A resistor of one-tenth or less the resistance of that
+f time. When a current starts flowing in a under test should be used, and its load will be

wire-wound resistor the wire very quickly takes one-tenth or less than for the resistor under test.
up a temperature above that of the spool on which For the reference lower-valued resistor one that is
the wire is mounted. The amount of this change known to have a small load coefficient should he
(depends upon the thermal contact between the chosen. If such a resistor is not available one
wire anrd the spool. If the current continues to with a low temperature coefficient should be se-
flow, this initial (lifference inl temperature is lected, omi time assumption that its load coefficient
mainitainedl, b)ut the coil and spool continue to is correspondingly low, and its load coefficient
rise in temiperaturr,' together. The maximum should be roughly determined to make sure that
tempertittire that will then be attained depends it is small. This camn be done by balancing the
upon the facilities for dissipation of heat by the resistor in any bridge using a small test current.
spool, and often upon the facilities for cooling From an external source a large curl'rent is then
the, material to which heat from the spool flows, sent through the I-x istor under test for several

Suppose w(, have a standard resistor of the NBS minutes, after whicii the extra circuit is doiscon-
type resting on a table aind we send throuigh it a nected and the bridge circuit is again bala nced.
siriliciett c'urrerrt to liberate one watt in the coil. This last balance must be( made quickly before tile
\Vithrin alolt 30 seconds the temperature of the coil heat from the large current is dissipated.
will rise to ai steadov valtic about, 1 C above that If a resistor is being use(d under conditions whe',
of its spool. Spool aniid roil will t hen comitirlue to the load changes its resistance, tlie amount of tilt,
rise in t ,niprtiitre at tIre rate of about 10' or 15' change may often be (determined c'xperinientalv.
(' pe'r ioirr. •anid if allowrd to coontilue will in about To (1o this tlie hleating may be dotnbled, by iil-
2 houirs ra•acli ; steady temperature of some 10' creasing tile current by 40 percent, and the result-
to 20(' C above t hat of tbe r,,oni. This may cause ilng chainge ntoted. To a first approximation this
a permuri ,let ('hclii'ge in rcsistarice,, wl i.ch, however, (doulling of the heatiiig doubbes the change ill rC-
ordirnarily amounts to only a fe\%" parts ii a million. sistanice, arnd twice tile change shiolrid be subt racted
If, infstecarl of bi rig molnirted in aii oil-fille d con- algebraically from tlihe final value. Suich a pro-
tamer, tlihe salrue resistor had been left open in thie cetdurc is especially satisfactory ili tlihe case of
nir of tile room, its firriad rise ii temperature would Wheatstone bridges, as tie J)roce(ltire w ill correct
pro)l)bably huaye been less 1 ,v some 50 p erce nt arid back to zero test current, whAicheve'r bIrilcteh ()r
wonrld have been, rca(Ired ilr 15 to 20 minutes. branches are being c'hanged iby the current.

'i'lhe rise il t cinpe rat lire of tire resistanice (oil will
br acco•, prOluied by a ('ihrge in resistance, whose 8. Stability of Resistors With Time
:Liii(I )t del)(Cird.s t 1poi0 thi(r ttlInpertItunrc coefficient
(If resistlarice of tie wit, arid also upon changes in Ilr alpplica t ions where stability with ti rue is of
stress ir the I ir, becairse of dimernsional changes importance, as for instaflnce for stir rllard resistors oli
of tHie coil ari(d its surpport. For single-layer Precision ni(,rrsfring alppi ratirs, irur igarinir is lissed
rnriig1nirirr coils i noirrnted on brass spools the relative 1airost exc'lisively. lii srich applicat ions low t (.ii-
cluiigs ii dInimersiomis are sniall, anrd the chatige in pertiture (roeflicients of resistaien'c amld smlall thir-
reistnrirce resilts prinarilry from tnmpe.rature rial cunf's aga irst coppcr are usually also repiirfti,



andi few allo ' s other t han minanganiin are suitable. chinhges In the( unit Its Ina lilt it iled bY t he Iniang"alinI
Consequently, it discussion of' the stabilitv of re- resistor-s.
sistors is largely a dliscussion of the stability of The average tiser of ,ta nditard l-c';istor Is is t itecrst -
n1iangtiliiiu. ed in the stability that. Iia be ex pect ed fromt

Most natioinal standlardizing lab~oratorie*s keep a stand~ards available collili~eluilalI,\ III tillis COli-
selected group of n'.atganin resistors, which are nection, til analvsis made in 1941 at till, B ureall 1.s
regularly intercomparedl and used for maintenance relevant. Of nearlY60 -ta~)sndinard rc~zistors t hat
of tlie( unit of rvesista lce. The relativ-e values of had been submitt~ed mnore than olict to) thils Bui-
such staindards are remarkably constant , the in- reau for test, the a verage' yearly clhan ge til resist -
thividliunl resistances not changing lby more thanu ance, without, regard to Signwsfoiilt I'
one or two Parts in a million Per y'ear wvithI refer- 8 PPmf. Of the total onlyl 2 perce nt. a veiaged
('itce to one another and for some gr-oups very muichi grevater t-han 60 ppn per V ear11, and' for inearly 90
less, It is supposed that the average of a group re- percent of all standart s te'sted the ainnual change
mtauins constant to a hihdge.btsc tblt a 10 ppm. or less. If signs were nueglected there

can be oiilv assumed. No metlhod of measuireimelit was 110 signiificant difference lctweeli the( average
has been uised that would detect with certainty yearly chiange of seatledi and unsealed resistors.
changes ofls hn10 or 2patina mlini This would appear to mean thiat seatling nierelx

tegofp les ta n 20le patsihello intrainloiwa reduices seasonal variations wit hout M mPrOvtil'ig the
thfie d gr its a wholre .is tan e inta er cuati on l uo m n was long-i line sitability. Hiowe 1ver, if regardi s taken

tleiuid s te rsitane o amerurycoumnof of sign, the performanc11(e Of sealedl and untisealed
specified (liiienl~son. at the teimperature of inciting resistors wats quite dIifferent . Inl thils clise tile
ice. H owever, such resistors, have not been con- averagre yearly chianige was, about. -. 3 ppmn for
st rucettd withl suifficient accuracy to ilemnonstrate sealed and1( about + 5 ppin for tinsealed s-tandlirdls.
thle performance of manganin resistors used to That is to say, sealed standardis about as oft en
mnaintaini thle unit. Likewise, ab~solute ohini dleter- (decrease ats Increase iIn resistance Nv'ith tiIillie,

mniuation hae nt ben uff~icitl rero~lcile whereas the( chiange *in unsealed standard resistors
to give suchl information. If the unlit it ma~in- I r~ou inl par.i onc ~iwt
tainied by ircalis ofmnai estl were tetd ti( se ialed resistors It Is interesting to note thlat

evl- tllvel'fb cma paning resinstor Ileste practically the same result. would have been olbtai lied
('Ver~ ~ ~ ~ ~ ~ ~ ~ ~~~I teterhey(ollaiigaant dl ~ i lie uit (of resistance had becen maintainedl by

ohmil or ab~solutte olini. determninat ions, the apparent supposinlg the a verapg( value of the 400 sealed
change wouldl prob~ably not exceed 10 or 20 p)arts resstors ha re nielcstnawsoaid
per iiiilliozu. This -ould( be ' list ats well at tribu ted by assuming the average of a group of 10 selected
)o errors Iln real izulig the 11unit ('Xper-imentitllY as to resistors of special construction to be colis't~ant.

111. Methods of Comparison of Resistors

1. Ammeter- Voltmeter Methods The accuracy that may be attainied lby the
ammneter-voltmneter method dlepends upon01 the

Precise nl)(11asUiTrWll(Its (If elect rical resist anlce arei accu racy of the( two inst runlents. H owever,
lIiui(I %%[it Iicomparailtiv case (151 'ithi met~~r' hi~ods5, there arev a few p)recaut ions that must 1)( observed.
aii accura'1cy-N of at few IMrtMS in at mil lion Lei hg read]-i Re'ferrinig to figure 5, if tlit', volt met er, 1 '. is coili-
Iy obt ained iii t ie( comparisoni of noionilally equal
resist ances( of say 10 or 10(0 ohmis. Although the
acituail Iii(a sui lli'hh('1ts are railher slinplel, special
appa)11rat us is requiiiredI. iFor many1 tlIypes of re-
s ist ors hilgh accuiracy is not (lesirell andl itle incas-
tiren A' lts iny lbe niiide wit h deflect ing inlst ml-
fienets, whi ichi are uslianllv a vailablde in electrlical
laboraltor-ies. The( most (onmmon methiodl, where
anl JIccil 111ev of I or 2 pe(rce'nt is su fficienut, is thle
anlhintlti-volt iii'te m' uethlodl. InI t1is inetliod at R
niiiasuiroi current. is passed t hrou~gh thle r("ust'or Fictrna; 5. ('onnertion for ailrnmeter-vcIlecr mrnasvrcmnict
unlder test, 111 ul tit(li pot('lit iai di fferenlce across its Of resistancr.
term inalsIs 1 also me'usu rid. TIiie el~el .. IleVIAS-
tire A('l ithl 1 111 ame(t er and tlie( Jiotentlid d iffrei- iect ei as shown across the resistor, R?, tlie( cuirr'nt
ene liib V niea 115 of a voltmrlet er, thle resistaincec ill read by thle animeter, A, is the suni of thle curreni
ohmis flne g tlit,' ratio (If tlii' voltrniet('r read ing inI throughl 1? andl thle currenit through the voltme'te'r.
volts to liii' amme(t er readini h ill amperes, til uit(- If the re'sistance' of tithe voltmnet er is large as comn-
COId(iltice( With 01i11hm'S Law,'. p~aredi wvithi R, the c'urrenit through thle voltmeter
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may be neglected and R may be calculated as the requiring high precision such as the determination
ratio of the instrument readings. If the resist- of temperature rise or of the conductivity of line
ance of the voltmeter is not large as compared conductors. When used with circuits that are
with R, the latter may be calculated from the highly inductive or capacitive, the precautions
equation appropriate for such resistance measurements

E should be observed.
R= i EI(IER, (5) Ohmmeters may be classified according to

either their principles, of operation, their source

where R. is the resistance of the voltmeter, its of energy, or their rango.
being E volts, and the ammeter reading I The principles commonly used are: Simplereading If the resistance of tie ammeter is ohmmeter, ratio ohmmeter, Wheatstone bridge.

known or if it is negligible as compared with the In the simple ohmmeter a source, the voltage
unknown resistance, the voltmeter may be con- of which is assumed to be definite and to corre-
nected across both the resistance and the ammeter, spond to the calibration of the instrument, is
as shown in figure 6. In this case the ratio of applied to the unknown resistor and the resultingcurrent causes an indicating instrument to deflect

over a scale. This scale is so graduated that the
pointer indicates directly the resistance in ohms
(or megohms). In many cases provision is made
by a magnetic or electric shunt to adjust the in-
strument at one point, usually at zero resistance,
to fit the existing value of tlie voltage. In some
of these instruments the final indication is by a
vacuum-tube voltmeter, which measures the drop

R produced in a very high re-istance by the current

FIc.URE 6. Alternate connection for ammeter-voltmeter through the specimen.
measu~rement of resistance. In the ratio meter or "crossed-coil" type of

ohmmeter, the current through the unknown
resistor flows in one of the coils, while the other

voltmeter to ammeter readings gives the total carries a current that is proportional to the voltage.
resistance between the points of attachment of The current is led to the coils by ligaments, which
the voltmeter, that is, the resistance of the am- exert a negligible torque so that the moving system
meter and of the connecting leads is included, takes up a position that depends on the relative
That is magnitude of the currents in the two coils. The

RE , (6) scale can therefore be laid off to indicate resistance
R =I directly, and the indication will be independent of

the voltage used, provided that the resistor under
where RA is the resistance of tile ammeter and of test obeys Ohm's Law.
all lead wires between the points of attachment of The designation "ohmmeter" is also applied
the voltmeter leads. (though perhaps incorrectly) to certain forms of

With suitably calibrated instruments it is possi- the Wheatstone bridge in which the dial that
ble to measure resistance to 0.1 or 0.2 percent pro- adjusts the balance is calibrate(d to read directly
vided the instruments are of such ranges that the value of the unknown resistance.
large deflections are obtained. For this accuracy
it is usually necessary to calibrate the voltmeter 3. Potentiometer Method
with the same leads as those that are to be used
in the resistance measurements. It was pointed out in section IllI that tile

ammeter-voltmeter method for measuring resist-
2. Ohmmeters ance is complicated by- the current drh'wn by the

voltmeter. Such complications may be avoided
Ohmmeters are instruments for indicating by using a voltmeter of sonie type that requires

dire(tly on a scale, with a minimum of manipula- no current from the circuit being measured, i. e.,
tion or computation, the resistance of the circuit electrostatic or vacuum tube voltmeters.
connected across their terminals. They are avail- Potentiometers are also suitable for the measure-
able in a wide range from milliohmnimeters reading ment of potential difference when it is desired to
to 0.001 ohm to megohmmeters reading to 50,000 avoid drawing a current from the source of
megohms. Their accuracy is limited both by the potential (difference. They aie especially good in
calibration an(d reading oft the indicating instru- cases where an accuracy of 0.1 percent or better is
nient and in the simple ohmmeter by their depend- required, as such accuracy is difficult to attain with
ence upon a fixed value of voltage. They are, deflecting instruments. Where a potentiometer
therefore, in general, not suited for applications is available, the ammeter-voltmeter method may
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he miodified so as to Ilse tile potciitionweter to 4. Differential -Galvanometer Method
nieasure the ( xi-~ent. through the unknown resistor
as well as the pomtenil d~iffrce across iT. Tis The (different ial giilvaiioniit'ter was formierly
requires the repl)aceiilent of thle ainnieter withi a riSedl rather extensively for tilet collparis-on of
standlardl resistor, anl tihe nieasurenient. of t lie equal resistances. Stuli at gasaliofit-et liltas two
p)otenitial d (ff'rtncevi acro~ss lie st anda id resist or separa tt WindW i HsiUe asmii nyao tHie sutme us5 pt s-
Yie'lds thle Vilue of tlie ('currenit if t Iiis potentiaul sWle, so that when equtal viuf's are twppi jet o 10 le
di fferen~Ice is dliv ided' lby the value of the( resistance t ermiinals of tilie winduings, e~ mul and i opposiH)t e
of tihe staindardl. t~or(luv tit' re produrced onl thle defltect ing t'lvlenut'r

Actuailly, if a su itabile standard resistor is The wirndinugs tire conust ructetdt with two I i res
availabllt' it is unrnfecessary to calculate the side-by-sidep, wotund ait tite saint' tnie airit as inear'ly
current through the unknown resistor. If thit as p~ossib~le svurnt'nuically withI rosI~et to thle
sami', current flows through thle known and the inagnetic circuit.
unknown resistor, the ratio of the potential For the mo~viig-mnuigriet galvanolnettr tit' field
dhifferentces across the two is tile same as thle rait io coils are wound in dluplicat e, a nit a sinall rnova 1)14
of thile re.sistance'(s. Ilclmice coil is usually 'oninect ed ill Series withI onle wvinrd-

ing. This mioving coil is adljusted( in posit ion to(
V, 7 compeisa te for any hack of rqjialit of the( fields

Aý= S (7 proIuceil. b~y thle t~wo, wind(1irngs. I'Unforturnately'
this ad~justinen t is tIifl'erentfo lftritcrlitin

where X and S are, Othe vuhivs of Ilt'v unkinowni and of use. Morteove'r the differ'ent ial gahvanuonet'ter
st antdard rt'sist ai i't, 14' andI 14, are hit rueasu reti of th lit' ovi ng-rnagrit't type lias tilie main( ru'Iiandi -
lpot tlnt iai diff'erienes acrs (FS l a id S resptct ively. caps as ot hers o~f the niov inmg-nuunair itytIVpe. rhlit
Care rninust. be exrerisett( ii using this rm't iol to is to saLy, tilit (alamping is d ifhieil t to ('Omitr aO i~nd
insrise that tlie( current thlrough X arind S rel't'nna iri ClaboratVt prec(auitionis 1111i bit e t a keni it) ILOit
tonistain t duiri~ng nmnsu reninert. This nmay be( ma11gnet ic (list uirbarices fromt e'xternial sources.
verified. ly mt'asuiring thie p)otenltial diff'erncres \[i ny of the troubles of thle ruo(V ing-miaglnet
ailte'rnately st'veral t onies. gall vanoriuct ei' a~rc avoidedt inl tilie I'Arsoiival , or

I igli accuiiracyv ii thle nuu'usu rtnient of resist ancet moing-coil gil vaiornetvir, iland thIiis (oil iluay be4
tail he attainievd. withI thlit potvert onlrne' mnit'thod if niatl( inr t~lmi vi('ttv for' diiflernt'it ii uiste. I i owv%.e tr,
it go~otd 1)01tvnut itonitv t' ill([ .ýood standa rtd resistotrs t his re'quairet" two Sets of leadis froml til lt iow ii i
atre iuse'd. It lhas anl advanrtage over tilit ordirnary t'ltrlnt'rt, which are dlifficuilt to arrauigt', arud which
Whieatst one brtid ge' in thaiit t he rt'sistlance in t erins, also ilri effect st iffen thle sitpt'usiorrs anti lowter
(if whIichi thet uiiknow ri is rnt'asureintt ay he thait thie senisitiv ity. Wi th tlit', rieed for greteri an'iird
of anll actuial -Oanidtard resistor inisteadit of orit' of tilie greteuttr prec'isionr, thle differentiiajl gnilvaruorni'ttr
coils .~f the briditge. Standrdlit resistors arte So lilts hlivii grudadillv dliscaridetdt hbit it still is, ve'ry
miount et that theiy' art' otlrdinarily molt' coniist anlt slt isfact orv for sonliut types tof rin'asuirt'int.'luI.
ill resistancite arid lit'itt' mlort atctcurautely, ro~ i Ir I itheoiy, th lit'si( of thle tdiffhrentiital galvaruornl-
thiani aire titis'eiltd (oiksiS l u111 IVisted in. brid~ge's. i'tt'i is veryV Si ipiilt. A curll(rent, I, is paissedt thlroligh
'fli Jot ttnit iolttti e ir ' Ilitthod, hiowe'veri, is Iflion- thit stanidalrd, S, and thit unknown, X, cotnnertedttt
difliTcult to ts,li' as th lc'unrrenrts thlrorighi tilepte))1(r- ilSei(. s' as nd t out' wviriting. G, tof Ilthe gnilvniriouit'tr
tiolvet'tr aind ill thile mnilit'auniri circunit rittist both i., t'oviieitot'd to tilie tt'rmuulinals of eachi resistor, as

lbt kept t'lltiusinit, \% lit're's tilit balanice (f 2i showii iifinit 7. If tit', gaI\vni4na vt'ttr t'iicuitsý,
Whteat ston1 ' bridgre is inidependentt'rt, tf til' curniitnt wet't'attll nlilk' in resistaniret antI opplos-itt' iii
flowing thirouighi it. I tllu(01paririg" retsistors. tilit thitir iuiag'lut'ic t'fft'ts the're wtould lbe lit d'flt'c-
ac'i rio' y (if at pot tnt ioint't e'i' is rnot (1,w t'It'ill'nt t ion. if x aridt s weelt equaltl. Trhsw' c'tindit ions ont
tipoii thit accuracy tf cailibrationr of ilite standardI r'sistain'' ant Ilinigfiittic efftect aret difficuilt to

A typie of minvasrii 'tiitrit for which'l lt' potnt'i- t iG
om'etvtr nivttlot is tesptecially we'll suitetd is for' thlit
inb'asunr'in'rut of fouii-t'rniiiiral resistor's, which' HaiesF GI

purt s of corn pliaent t' urt'twoiks, whit're connretct iris
to thit rt'sistors lnuist leit'rnitlt thruoighi otlitr it'- x
sist ors. 'IThe itesistan rcts in tlit', poten tiail lteatds,A A AAL

e'fftec't upon tilit bailancet of tlit'- pottn t iornu'tt'r.
The're tui bte, hiowever, at reutti'tion in s'nlsit ivit Y
unurltss thitl- talipiiig rt's4istor' foi tlit(' gll'uurIol(turrit'ti
rnav hb'e i.hrigt.(] to aillow for' theiste textria resistarict's. 14 a;7. ('nnrnctmns of Ilffrcniial pou TIva ()??cr.
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G G 1)bridge is more suitable. The choice between the
simple and the double bridge is usually made oil
the basis of tile required accuracy.

It is difficult to attach a copper lead wire to a
resistor by means of binding posts or other
clamped connections without introducing an un-
known contact resistance of the order of 0.0001
ohm. For resistors above 1 ohm such an uncer-
tainty is usually negligible, whereas for a resistor

X of say 0.01 ohm tile uncertainty is 1 percent.
For standard resistors the contact resistance is

B often reduced by amalgamating the contact :,ur-
faces. For clean well-fittedcontacts the resistance
then amounts to only a few microhlms, but the re-

Fict-RE 8. Kohlrausch's connection of differential sistance of such contacts will rise with time as
.aahvanometer. the copper combines with the mercury to form a

ogranular material. This material should be re-

meet, and it is necessary to devise methods of use moved every few months by scraping and wiping
for which the conditions need be only approxi- the surfaces.
mately met, if high accuracy is to bte attained. Where accuracy is required, low-valued resistoms
Such is that due to Kohlrausch [111, and known are usually of the four-terminal type. For these,
as his method of overlapping shunts. two leads are soldered or brazed to each end of the

For Kohlrausch's method the circuit is as shown. resistance material, as shown in figure 9. The
in figure 8. The two galvanometer windings, G., P P
are connectedl respectively across X and S, and in 41
addition each shunt bridges the resistance, L,
which is used to connect X and S in series. Tile
resistance of L is usually small as compared with c
the other resistances. In series with the galvanom- ^
eter windings are connected the resistors, R, and Fi.uRE 9. Four-terminal resistor.
R2 , one or both of which are adjustable. In addi-
tion, a special switch not shown must be used, resistance in question is that between the branch
which will interchange the battery B and the lead points at the two ends. That is to say, the resist-
resistance L. This must be done without materi- ance is the ratio of the potential difference between
ally changing the current furnished by the battery. the terminals P, P to the current flowing in and
The effect of the interchange is to reverse the out the current terminals, C, C. Methods of
current through both galvanometer windings. measurement are used such that any effect from
The values of the adjustable standard, S, and the the lead resistances is avoided or reduced to a
rheostat, R, or R2 , are adjusted until there is no negligible amount. For such a purpose the
deflection of the galvanometer for either position potentiometer method is suitable as no appreciable
of the battery, or until the deflection is the same current is drawn through the potential leads, and
in magnitude and direction for both battery posi- the potential drop between branch points is inde-
tions. Under either condition of adjustment, S pendent of the magnitude of the lead resistances in
and X are equal. the current circuit. Double-bridge methods bal-

In actual practice, where S and X are standard ance out the lead resistances or connect them in
resistors under comparison, the larger is made ad- high-resistance branches where tlvey are negligible.
justable by a precision rheostat connected in Simple Wheatstone bridge.-The simple Wheat-
parallel, and the amount of the shunt e uired to stone bridge is primarily a group of four resistors
make X and S equal allows an easy calculation connected in series-parallel as shown in figure 10.
of the difference in resistance between the two. A current, I, is passed through the two parallel
The balance is exact even if the two circuits of branches, anti G is a detector connected to the
the galvanometer are not exactly alike electrically junctions of the resistors as shown. It may be
or magnetically. readily shown that if there is no potential differ-

ence across the detector, G, the relation between
5. Bridge Methods the resistances of the four,armns is as follows:

By far the largest proportion of measurements X A (8)
of electrical resistance are made by means of S B
bridge methods. For resistors above I ohm the or
simple Wheatstone bridge is used, whereas for X=SA (9)
i-ohm resistors and below the Kelvin double- B

Preci8ion Resistors and Their Measurement 13
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tion for ii shorterC tillie. Otlier thiniigs bejIing veq i1tii
ratio coils of fromin( 1o 4 100) ohmis are- thlereforec
about the best, comipromise.

rn1 choice of resistance .for the adjuiistable amin
XA of a Whieatstone b ridige is influienc~ed Ily thle Sallie

factors as thle choice of resistances for fii' ratio
armis. That is to saIy, the lower tite vaIIlie tihe
greater the st-ability in resistance but tihe Iioni Ir
t~roub~lesomle tit(e contact. resistalncies lbcconil, and1(

Gin the ad~julstablehl arn.11 se'veral colitiIt resist a ices
are( required. St eps stinaller than 0i(.1 J (111, wh ichi
allow readhings of the adju lst able 21111 t~o ab)out 0.01
ohm by initerpolat~ion from gal vanionieter (let! e-
tions, are SeldIoml lisell as it is not wise to rely uipon
the combniiled effect, of the several contacts' of t he

S arm to be. (definiute to in 12(11i betvie than 0.0)1 ohmn
Wheat~stonie bridges for tlie( ineasurenienet (If re-(

sistance to 0.1 p~ierent are availabl)e Commitercially
at modlerlite prices. To( this accuracy these call
usually be relied llf)Oii without. thle applicationi (If

correctionls to( tlie( readlinlgs. H owever, for mleas-
FIGURE 10. W~heatstone bridge. ilreinents to 0.01 1)ercelit., corrections to the read~-

ings of the ratio armis and~ of the rheostat aim must.
The detector, G, is usually a galvanometer, and usually be applied, aind tihe br'idge muiist be mail)-

the lack of a potential dlifference across it is evi- tained at the teniiiprature of call bratioii withinl a
dleucedI by a lack of motion of the galvanometer few (degrees. Primairily because of the( eflects of
coil if a switch or key in series with G is openedl or chaliiges in. lilinhidhity, calibirations of a IN ieatstoiie
closed, or better, if the battery circuit is opened bridge mu lst be nilnle rathier frequently if iitil 11(,Cit-
or closed. Opening or closing of tile battery cir- racy of 0.01 percenlt is to be attained. This Is
cuit should be avoidled, however, if there is especially true where there is a marked (hiitng(' iii
indulctance or capacitance in the circuit of the ambient coniiitiolis. F'or exfiiiti le, Ibetweel1 Ni wint er
unknown resistance or in any arm of the Wheat- andh suniim(r the( ratio (-oils and the rheostat armi
stone bridge. In measuring thle resistance of a mnay each Cllalge bY 0.0! percen~t or miore, and1( the
field winding of an electric motor, for example, rrio'rs may be additive rather than compensaiting.
tile galvanomneter may be (danmagedi if its circuit is Thle use of iilr-coldi~t ioned laboratories iniijroves
left closed and the battery circuit of the, bridge is the perfornmance inilrkeohlv, but even theni it, is
opened. In this case the current should be left advisable to inidke occas'ional spot chiecks Iw
onl until a steadly state is reachied b~efore testing the measuring stanidard resistors. Wlleievei- possible,
bridge balance by opening an(I closing the gal- rati o itrnis below 10 ohmis or above 1,000 ohmns-
vaimoineter circuit. should lbe avoidled, its should rheostat read~ings in)

F'romn the above equation it is evident tha~t the excess of 1,000 oiitiis. Th'lis ileanls that, tit(e Wheat -
resistance of any one of the four arms, say X, can stone bridge is best sitited for' the nieasuireiment of
be calculated if the resistances of the other three resistance ii te ullig 10nc to 10,000 ohmis.
are known, or if one of the( three an(I tile ratio of Wheln ti2l acciuracy grecat er tian n .)11 percenlt Is
the ot her two are known. The( usual general pur- requireld, special I iidges are requ iredl or s~wcmui
pose Whleatstone bridge is made in such a way that teclilnIiCus areI Used. Onie (If thle best. of thle speciiill
any one( of severtil known resistors may be selected Met ( ids is that~t of si lbst it'iltion, inl wihich tilie tilli-
forl use ais either A or 1? and hience their ratio may known resistor is rejdlaeed wvith at stoaidard resist or
have ainy one of at niumber of values. S is then at or resistors hiavinhg tuev satile iioninida resistainev ats
known resistor whlose value miay be adjusted in that of the 1lilklmm% ii. Thev bridge that, is beinig
small steps over at wide range of resistance. uisedl is tlei(,l relie I 121)ol2 to (letvi-rnline only tlie

In commercial instruments the( ratio arms A an(I difference lbetweeni the standa~llrd anid the iunkiiow nl,
Bt are usually coils that are coninected inito thle and this differeiice nieed I ot, lbe accurately nimies-
bridlge by inusertinig sujitabile plugs. As there are mired. If the unklnown i iid sladr d12101(iffer- by 0.1I
resistanices ]in these pilug contacts, which may be percenlt" tile dili'reliece liveeo be dleterminled to only
rather variable, it is (desirabile to use relativelyhidgh I l)(TCVlt, to( g'yl.tVV Il liClo to1ý10A1 WI10 parts lil a
values of resistance for A aind It in ordler to reduceý million lil tornuis of t It( ston illrd. Nearly till- good
the uricertaint lit Vi the resistancie of the ratio arms. bridge, ctii be so used wvitliolit. cailibrat ion, provided
On tile other hand1(, iiigi-resistii fle coils are mnore conltact resist'it Iles 211-e sli flicieilt' -lv constant that
affected by hiuimidi ty anrd are less stable iii resist- readings- (-til bie rel wovtd to Ilie d esired prveision.
a nce with timne tind( tiherefore retain their cahibra- It, Is e vidlent t hat t114 eui lii nt lolt oIf the iiielisuimlillir
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bridge is of least importance when the standard
and unknown resistances are nearest equal.
Standard resistors are usually available only in
decimal multiples or submultiples of an ohm and
for many resistance measurements the lack of a
suitable standard prevents the use of the substitu-
tion method.

Mtfueller brhlge.-For the accurate measurement
of odd-sized resistances, one of tile best, bridges
is that designed by E. F. \Iueller [12] of the
National Bureau of Standards for use in resistance
therniometry. This is a special bridge intended
for the accurate measurement of resistances up to
about 110 ohms. The effects of humidity changes
are greatly reduced by mounting the resistors in a
compartment that is electrically heated and whose
temperature is maintained at 350 C by means of 1 2 34

a thermostat. As this is a temperature to which
the laboratory temperature seldom riises, the
relative humidaity in the compartment housing
the resistors is kept low and variations in the low
humidities have little effect on the resistances of
the coils.

For the Mueller bridge the ratio arms are equal. iG I;RE 12. ('oin crtiorn of bridlge to 4-1cud tf/rmomtntcr.
and the arms can be interchanged to test the
equality. A small slide wire is connected between the resistor N and the lead resistor L4 are connected
the ratio coils, and the sliding contact is used as into the right-hand arm, and the lad resistor L, is
the branch point for the bridge as shown in figure in the adjustable arm, R. With equal ratio arms,
11. The operator can set theratio arms to equality R and X would be equal for a balance of the
by properly proportioning the resistance of the bridge only if L, and L, are equal. Instead of
slide wire between the two ratio arms by changing adjusting L, and L, to exact equality, their con-

nections are interchanged and a second bridge
balance is obtained, the average of tie two balances
being that which would be obtained with L, and
L, equal. When L, and L, are interchanged, it is
necessary to shift the branch point from lead 2 to
lead 3 in order to keep X in the right-hand arm.

/NG fIt actual use, instead of the lead wires being inter-
changed, the internal connections of the bridge
arms to the binding posts i anti 4 are interchanged
to obtain tie same result. This interchange is
effected by means of an anmalgamated switch for
which the' uncertainity in contact resistance is only

Fiu;viE 11. Ratio armos of M1ueler bridg. it few n1icroliihis.
Tihe rheostat arm of the Mueller bridge is ad-

the setting of tie slide contact. This setting is Justable in st eps as small as 0.0001 ohm. In order
correct if no change in the bridge results when the that such steps should not be masked by changes
arms A and B are interchanged. The remaining in Contact resistance, special types [13] of decades
two arms are the adjustable rheostat and the un- are used. Tlie 0.0001-ohm-per-step decade is
known resistor, which must be of the four-terminal apl)proximately as shown in figure 13. With the
type. Resistance thermometers are usually of the
four-lead type, and other resistors should be pro- ----------
vided with four leads when they are to be measured
on a bridge of this type. The method of connec-
tion of the "m:aknown resistance is as shown in figure
12. R is the adjustable rheostat arm that will be
discussed in detail later. X is a four-terminal
resistor with lead wires Lr, L.,, L3, ani L, couiected 2
to time binding posts 1, 2, 3, anti 4, respectively. If
the galvanometer is connecte(d to binding post 2, 1'wmt'R: 13. Shunt-type decode.
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switch contact on the 0 stud, the resistances of 12
ohmis andl 0.110 ohi tire connected in parallel, and
the resistance between the terminals S and T is
about 0.1090 olun. When thp switch contact is \E

moved to stud~ 1, thle 12-ohim branch is increased
sufficiently to increase the parallel resistance from
0.1090 to 0.1091 ohm11, anl increase of 0.0001 ohm11.
Likewise wvhen the switch is moved to 2 the parallel 0

resistance Increases to 0.1092 ohim, etc. Thus theG
resistance between the terminals S and T may be 3

increasedl in steps of 0.0001 ohmn, although the
valute is, not zero wheni the switch is set to read1 zero.

The 0.001 - and 0.01 -ohm--per-step decades a4reK
lnadle in thle sanie way as the 0.0001 -ohm dlecadle.
When these thlre)' decades are connected in series
and( till set to zero, there Is at series resistance of
ab~out L6i ohmis. However, since the bridge has
Oquaid ratio arm11s Jin eq ual. resist ance of I .6 ohms1'
may be ineludedl in thle N-armi, and thle value of
X\ is ine(asli ced by ol)54IWi Iio' t1wie Increase ill th1e4 wth tw ~ luel' ~ie
res;istance oif the rheost at armi wheii X is ins~ertedl 0.1 -oli1t resistors are ill series in tile X-1-111n.
inI its armi. A short (ir(c iiiihig 1)ltl is providedl Wileli thle dIial read ing is 1 ncreiiseo, tile resistance

withthe ridg tha Olictt gtietete- Is removed from thle X-arm11, the effect beling tile
minals I and 4 of figure* 12. The bridge is thieii samile as if eq ual resistance were added to the
balanced with arid1 without this shortig pu, rheostat itrm, R?, since the bridge hats equal arlns.

an~ te (ifelei~ ii he eains fte lotaT 'his may be seen from the following, colisiderat 1011.
arm gives the resistaince of X, and leads. Assume thiat the bridgre is balanced with the till-

The purpose of the shinited I *vpe of dlecade that known resistor aii(l the( 10 stepis of tihe 0.1 -ohmi
was d escribied abhove is to re( Itice thle effect of diall all coninectedl inl tilie A-arm1. If now% X is
variations in contact resistan(ces iind transient incr~ eased byv 0.1 ohmi, thle A- and( P-armis may lbe
vmnf's inI the swithcl. Re~ferrinig again to figure 13 b.lrouight aga iii to eq uality byV either increasing R

it S eel tlii tt le W It~i (ii tat s il li hgh by 0. 1 ohnin or b- (lecreasIitig the resistance in
resistaince lbialicbl. The raitio of resistance for tli Si'Ties wvithi X by 6. ohm, ni. h reaitiig-s of the

twolirnclesis tlitit101 t 1,111(1it ay ie dial in thle N-arm tire such that increases iii
readily shown by dIiii erent iat ion that thle effect rea1 inggs- of the dial corresp~ond~ to decreaises, ill thle
of at variation of switch colttact resistance is resistailci ill the N-armi.
reduicedl by (lie sq liare of thIiis ratio. Thus a c(-oTiL-h-prse leaeolli-hott

tactvaratin ashig as0(11ohm woud vay te iot shown, is the only one that has, contact resist-
resitanc frm S o Ih~ 011 l~n rohi, Vlli~hi~uics ( ire vl in series with the a rm. A special

is negligible iii tie rlivostaita ilmI where the mlilli- type of dial that has amalgamiated contacts is used
mum steps tire 100 nivii cmli s. For the 0.001 aiid for this purpose. Such contacts are uncertain hy
0.01 (decades, thle ni tifn ()f ciiirrelits iii the brancheis onily a few mnicrolims, which may be toleratedl inl
is 'less thinti 1001 to 1,. ill al less viariatioln ill the the' rhieostat armn where the minim ium steps tire
switcli-colii ci't reis(itall 4' call hbe t oleraiited'. 11( mic rolniis. F'or Mu teller bridges availalile

The I -ohm a ýid (1o. 1-nliiii stepIs of the -rheostiit armi (onimnercially, tile galvanoinetvr aiid battery are
are ilit ma (14 of thle slit it typ)(.as tile resistance in tercliaiged froiln the positions, assumed In tile
with the dill! 5.;It oil Z4.41-( ~oil~l be rather large. abhove discussion. This in' no way itl'ects the
The coltitact i'vsi~ia iwec4' fori t lie I-oh ni, dial are val idit of thle ('oliclti-s1omis1.
thirowni iiito the14 rnl(atin Ant., ais shown in figure 14. Adjuzstable..ratio bridqe~s. As has alreadyl been

The brid ge'(i mcli -it is introduced(4( thirough the~ stated, thle NV ilea~t st oe hIridge shownl Inl ffigure 10I
10 1 -o41111 ((4i ()f deis cadeli14, 1111(1 thle switc II h balanced if
rneri'ly (l t l4~ lie, po(4lit of oilctonof u]Ie-
ratio arm., Wibtlint opplili (lihe circuit of the 1-ohmi X5' 8

d(I 4'ea~(. Inl t his case ai variat ioln of tile Swi tch
conlt act resistilmict, ('jll ligs thle resistan-fce of ratio anld this balanrce inav be realized by keeping .1,
arm ... rrhis effec is redutced i~v uisinig high and I? fixed and adjulsting S, or' by keeping S fixed
re'sistanice ratio armis, A and 1) each be4ing 1 .000 a nd adhjusting the ratio A1111. 1ii most commtercial
ohms. The 0.1I-(411 ni-per-step dial Is arranged ill Whieat~stone bridges the balance Is obitained with
t([i samne wayt' ats. lie I -oh mu-per-step (ial, withI thel .S. H owever, for comnparing nominally equal
SWItch 'oiltltact iii 541145s with tilte 1R rat io arni. resistances, lhridlges ar'e sometimes const ructed(Ini
W~ithI the 0.1 -(4111 11 (Iiui set ait Zero, Jill 10 of thel which thle ratio is adjustable.
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For measurement, a fouir-termlinial resistor is
usually connected in series with a four-terminal
standard. The ratio of the potential differences
across the two resistors is then dletermfinled when a

A B current flows through the two. This ratio may be
(determined by means of a potentiometer or in
terms of a resistance ratio by means of the Kelvin
(louble-bridge.

The circuit of the Kelvin (double bridge is
G shown in figure 16, where X and S (deniote the

unknown anl(l standIard1 resistors, each with both
current anti potential terminals. The two are
connected1 by means of a conductor L, preferably
of low resistance as compared with X or S. Thc
resistors A and B an(1 also a and b provide resist-

X S alice ratios that must be known, as must also be
the value of S. This bridge is balanced if there
is no change in the (elflection of the galvanometer
when the current circuit is openedl or closed.

FicUiRE 1M. Limit bridge. When balanced the following relation holds
between the values of the resistance:

Ani najustable-ratio bridlge is very convenient
for use in sorting large numbers of resistors that A a
imust Iw eýqual within given tolerances. Such a I*b \3 -. qblbridlge may be construetedl as shown in figure 15, (=11) L
where A an(1 B are the two arms of a resistanceAS - abI
ratio that is adljustedI 1 y changing A. A resistor This equation wouldl be exactly the same as that
is connected to the binding posts S, and the resist- for a simple XAheatstone bridge if the last termi
or's that are to be compared with it are connected onl therihsdewezrornglibymals
in turn to the AX terminals. If the resistors are copre igtsil wtre zero or neligibatlyasmallas
to be tite same to. say, 0.1 percent., the arm A is cmae ihtetr /.Ta attr

madeto aveelthi: f to vlues whch ive can be mnade zero by making a/b=A/B, irrespective
ratios, A/B, of 0.999 or 1.001. This could be oftlvauofteinrssacL.Hwe,
reailized by making Bi 100 ohims and A either 99.9 the smaller thie value of L, tie less important is

ohmsor 10.1ohms th later ccomlised, or iny lack of equality between the ratios A/B and
ohinstne hor ain qult 100.1 olitelte copihms, and albisane plu toin s Aot-iruilto 0.20oh oftims toal. Ii actual uise two miethods are employed forhaving aputosotcrut02oioftittl. balancing the double-bridge. The resistors A1
The procedure is then to olbserve the (direction of tLiI1, uiaso ndbayeli(1it)cis
(leflection of the galvanonmeter with either ratio adB n loaadbmyb ie ai ol
s;et titig and then chiangeý to the other ratio. If so chioseni that AI B= a/b and[ the bridge balanced
this causes a reversal of the (direction of dfliect ion lby varyýing S, Which is all approprialte adjustablde
of the galvanometer, the correct balance of the standIard; or S iIISy be a fixed st and, ard resistor
bridge is betwe-en the two ratio settings. In ot her an h rideIaaie1b ajsigtert
words t li ratio of X/S is between the two ratios Ahai b epn hs asa l ie
0.999 an(1 1.001, i. v., the( two are equal within eqlual.

± 0. l)(i'(~t..When a (lollbl e-bri Ig is to be balancedl by incalns
Besides this use in limit bridges, adljustab~le ratio S

bri-dges may be used1 for precise measurement s of IL
resistors in terms of nominally equal standards.
Such bridges wheii used iii conijunction withI the
subs)titu~tioni method permit very accurate mens-
urenments of resistance. Such anl adjustable ratio
.I s the '(I irect-reading ratio set'' described in sectioimb
R', 1, wh-lere the appriojpriateý techiniques are also
(hiscu-isvd~.

Iselrin (IoubI$-bi';(41e.-As has b)een alreadyA 8-,tat(dfu r- er il al resistors tire uisedl ii ordler
to avoidl uJmc(rta in ties ari-sing fromn variationIs, III
conitact resistances. For precision work, resist or'!
of 1 ohm11 or below are uISini llv of thle foiir-teliiiiiiiiil
type. F;viE:i 16. Ketrin dneeble-bridge.
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of an adjustable standard, care should be taken X s
in connecting up such a standard in order to keep
the resistance small between it and the unknown. L

Adjustable standards are usually made such that
the position of one or both of the potential
terminals is adjustable. As a result, varying b
amounts of resistance are left at the ends in series
with the used part of the resistor. The adjustable
standard should be connected in the circuit in
the way that connects the larger part of unused
resistance in the external circuit rather than
between resistors so as to form part of the link
resistance, L.

W hen a fixed standar(l is used for S, anrd the --------------------- .
bridge is balanced by adjusting the ratios A/B FI(iURE 17. Kelvin double-bridge.
and a/b, the most convenient arrangement is to
have the ratios adjustable together. This is ratio A and B are such that their ratio is known
accomplished by having the same dial handle only for the resistance between the two binding
operate two dials together so that both ratios are posts s and s'. The lead resistors LA and L, and
changed simultaneously. This arrangement re- the internal leads in X and S add to the resistance
quires special apparatus, but such double-ratio of A and B. This ordinarily prevents the ratJo
sets are commercially available, of the bridge arms from being the same as the

If not "ganged" together, the two ratios are known ratio of A to B. In other words
changed separately but always by the same
amount. Actually, however, it is not necessary to A+LA (A
be able to adjust the auxiliary ratio, a/b, in known B+LB B' (12)
steps, and any convenient adjustable ratio, such except under the condition that L, and LB are
as a slide wire, may be used. In this case the rxespti nderthe ascon o at Lt anL are
balance of the double bridge is by successive ap-
proximation. It is first balanced by a(ljusting the or under the condition that the ratio of the leads
main ratio, AIT, after which the circuit is opened is the same as the ratio of A to B. That is
at the link, L, and a balance now obtained by A ±+LA A
varying the auxiliary ratio a/b. The link circuit B±LJ B' (13)
is again closed and a new balance obtained wvith LA A
the main ratio. The procedure is repeated until if (14)
the same balance is obtainied with or without the L,=B"
link circuit's being open. Ordinarily the final If the lead resistances are small as compared with
balance is obtained after ontly a few sets of ad- A and B, the second equation need be only ap-
justments, and accurate results may be so at- proximately satisfied.
tained. Since only one, ratio need le known aiiy The same considerations apply to the lead re-
apparatus having such a ratio, as for example a sistance L. and L,, in the auxiliary ratio arms.
simple Wheatstone b~ridge. may be used in con- Their effect may be made negligible by making
junction with a slide wire and a fixed standard their ratio the same as the ratio alb.
resistor to make good measurements by the The following procedure for balancing the bridge
doul)le-bridge metho(l. and eliminating the effects of the leads by adjust-

In work of the highest accuracy, account must ing their ratio may be followed. Arrangement is
be taken of the resistance of the leads that are (Ia for reatio y obenin aod. Aange the circuit

used to connect the ratio arms to the unknown mad for aread iryupeing d closing tio arcs
and standardre- at L a for short-circuiting the main ratio armsistanlarthse resistors. betheren is thebad l by connecting together s and s'. Shorting s to s'
sistance in these re'sistors, between the branch is the equivalent of reducing A and B both to zero,
points and the terminal binding posts, which is leaving only the lead resistances in the arms. If
not nrecessarily negligible. One way of taking the ratios are ganged and nominally equal, the
these lead resistances into account is to utse 51s(ch bridge is balanced in the following steps:
high resistances in the ratio arms tlhat the con- 1. With the circuit as shown, the ratios A/B
necting leads have a negligible effect. U sually,
however, this reduces the sensitivitv of balance of anid a/b are adjusted until the galvanometer
the bridge. A better arrangement is to make the indicates a balance. -This gives
lead resistances adjustable and select their ratio A ±LA X
in such a way as to balance out their effects. A B+La- S approximately. (15)
convenient method of adjusting the lead re-
sistances is as follows: Referring to figure 17, the 2. The main ratio A'B is now short-circuited
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and the bridge is again balanced, by changing tilhe
ratio of the lead resistances. This may be done
by adjusting the length of one lead wire, or a small b

rheostat may be used in series with one of the
leads. This step makes the ratio of the lead
resistances the same as X/S and hence to a first L
approximation also to AIB.

3. The short is removed from the main ratio
and the link opened. The bridge then becomes
the simple Wheatstone bridge shown in figure 18.
To a first approximation )

X/S-A/B=a/b=LA1/LB, (16)

and the simple bridge is unbalanced only if the LA L,
resistances of the leads L, and Lb are not in this
samp ratio. They are made in this ratio by ad-
justing L. or L, until the simple bridge shows a

4. The link, L, is restored, giving again the
double-bridge, and a second balance is obtained
by varying the ratios A/B and a/b. This balance
is more nearly correct than the first, as the leads FIGuiR 18. Equivalent Wheatstone bridge.
have been approximately adjusted to their proper
ratio. In case a'b is obtained from a slide wire, or a

5. The entire procedure is repeated until no
further change is required in the settings of the ratio that is adjustable but not known, the same

in ratio, ner which condin procedure is followed as that outlined above. Inmain tion this case, however, the balance for step 3 is obtained
XVS=A/B-=a/b, (17) by varying the ratio alb, if necessary making a

or fine adjustment of the ratio by varying the lead
X =SA,'B=Sa/b. (18) resistances La andl L,.

IV. Special Apparatus for Precision Measurements

1. Direct-Reading Ratio Set the measurement of such differences in ratio is
the "direct-reading ratio set." With this com-

The problem of calibrating precision resistance paratively inexpensive instrument and a group
apparatus usually involves the comparison of of standard resistors, it is possible to calibrate
resistors in the instrument with standard resistors accurately most types of resistance apparatus
of the same nominal value. This is most readily such as Wheatstone bridges, potentiometers,
done by some substitution method, which is resistance boxes, etc.
usually a method for determining differences The hirect-reading ratio set is merely an adjust-
between the resistances of tile unknowns and able resistance ratio with which bridges may be
of the standards. For well-adjusted instruments, assembled, the remainder of the- bridges being
the differences are small and need to be determined ordinary laboratory equipment. In its simplest
only approximately. For example, if the differ- form the ratio set is as shown in figure 19. The
ence between til standard and unknown is 0.01 resistor B is a 100-ohm coil, which constitutes
percent, the difference need be determined to the fixed arm of the ratio. The adjustable arm
only 1 percent to give the value of the unknown consists of a fixed resistor of 99.445 ohms and
to one part in a million in terms of the standard. three dials, D1 , )2 , and D.•. The dial D, consists of

One of the most convenient instruments for ten steps of 0.1 ohm each, and DA and D 3 have

A

99.445 A. D00 Ao

FIctItE 19. Direct-reading ratio set.
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teli steps5 ea cl of 0.01 and 0.0()I hin respectiv ely. btween st uds I and 2 t ivrle is a resist anlce of
When tit their celnt er posit ions, tihe resistance of 3A~j45 ohnins so that when the dial is at 2, the shiunit
the three (lials is 0.555 ohiit, and1( with the fixed arm totals 139.811 ohmis anid thle parallel comibina-
coil of 99.445 ohms the total of the arm is 100 tion is 24.7 ohmis. The successive steps of thle
ohnms. Start i lL fromt these center positions, at dial are not of eq lirn iannituitd e, but thtle parnallel
step on D1) will tither ra ise or lower the A-armi hy, resistance mlay To echanged by 0.1 -ohm 'ste(ps
0.1 ohmn. rhe ratio of it to I? is tindin (anged frnt 24.5 to 25.5 ohmis. For t his t he steps oit
frmn 10I10 to 100.1,' 100 or to 99.90/100, tta t the dKia aerage about 3.6 ohmns each.
is to sa ý it in 'a isedl or lowered by 0. 1 p l-er t . Sýiic ite ca nnge in Ihle high-resist alce a rut of

~ik eWise, stVIS es A antd 1) clialage I I Ie 1ia I o about 3.6 ohnis is required to chiange the( parallel
hby steps of 0.01 anad 0.001 percen~ lt resilct ivel . re'sistani ce hiy 0.1 olni,~ it is obv ious that sw itchl
By interpolation of tihe steps onl the lowest hiil, vontil('t vltriltt iofl in thle high resistance a im will
chatniges otf 0.0001 p) t'i'ee a may be (I tvinmni ie . hv th e lir i effect reduceed by a. factor of abouit 36 to

Al though the ra tio set de~scriibed ablove is, 1 . Thieirn effect could be still furthler redutced by
correct ill thleory, variat tions in tiel- res-ist a 11(1 incera singi igtlie resist anice of the( shunt, thle effect.
of the cointacts of the (lill swit (ies woul(I make beiiig rchiceuv as thle sq iii F of thle ratio of the
the readings uncertain by several steps oil tile curr~ent in tile high resistatnce branch to thle total
lowest. dIialI when ordlmuinar dIial switcites are cur renit .saewyitspoibeomkeal'ii

uisedI. The use of mlercutry swi t cite will redu ice Iii tile s cwy ti osbet aeadcd
lthe vatriat ioiis to it few niicroli ns, but s~r s t ites for e~lm ging in 0.01 -oh iii or (1.001 -o1hm ste. (')5 iy

Uirel soiiiwliit diffeiiult to operate and keep in mevans of it i SO-ol a shuinat in parallel with hi
Cond~itionl. 30-ohml resist or, th Ic S-ohmi shutint to be ehia nge I

To avojid d iflic(ltit s fromi. vnitlnatmis in sw ittci- in st eps tlilt twlv('lgv al sat tM036 or TO Am03 ohiic-
contaitct resis;ta aces tilie (leslirl1is usuasllly mlodifiedI SpectivelV. TI iree d eca tdes w it hIt 11pi opriat Il st iits~
so aiS to reduci e their effect. This is dote a'y plac- iand at 2.5-olimt 'le resist or couild be tisedl to ob-
ing, thle switches ill liigli-rcsistatnee shiiiit. Circuits tamn tilie equ1iiva lent it(f thle A-arm of fignire 19, but
thait re'qulirie comnpariat tivvly hi ige chianges in resist - wit ilieilti) v laot ill Ilirecial ~y affect ('( Iy iiorimial
ai it( to obtain small chan ges in the(- pitrallel re- v'aria tions, in switc con (it act variat ionis. An
sist a nm as was done in th rlit'ivost at of t he NO W I tie qulivnilvnit inlstruiini.u 'i is aivailt , 1)1' minint'rcial ly
brlidige (sete stection 111, 5). 'lT'e situtnt circunits and, t ogethlen withI a group of sta ndard resist ors,
imay lt inadle suiffitcieiitly high t hat tswi tc bon ta ct is oiit' of tlit(- miost uise fuil piveces of ap1))1aiat us foi'
variat i itn 15aitire negl igiblde even whlen switchts of (lt'ie 'i nica icloil ct of vh'ctrii'it resist a ice, esptecially
1ll1310lt'nat quvill Iiy lire " s('(h. An ('xami iii of a for t ite caiiibrat ion of resistaniec apparatusi 11. Solne.
"slliiited d ialt for obt aininag steps of 0. 1 ollini is of 011' proeil'Iurt's w ill now- be1 described.
sI io in i figurie 2(0. With.i tlit', dialI set tit 0 thle' Comflparisonf (!f tlti-t( ttiri;tiil rcsisfaio I/ Atwlarihid.'ý
resist a ncet of the shunt aim to(t iil 133.A36 olinis, 'ubd~i~tuio,, mthof~ds.. In leariIYtall itui'isurimne~it s
andt this iii parnit l'lwth Ith (li'3oltui bnnitiel gits 'N li.'ni t lie highttst possibIle acc~unucv is desired, :1
at total rt'sistilt'e of 24. Amti. 'Wl'i thll dial is suibstituitioii nictliotl is ue. Thtat is, ti'(llt hage'
miov'd to stutd 1, thel resistance (If till par.albI. l-qir(tiet to rt'store alaliicic aft'l ireplacinig ii stailid-
coitibinat iou incr'ieases by 0.1 ()hill 'to 24.6 ohnis, Itl (Id NN it Ii an u11illnowit is iiie;tsunt'd. In coatmpaili';
which n'qtpiiu''s that tile shlitiit ar it ibe I36.666 t Wtl-trreiiiiatl st liandard [esistors by suibstittitioni
oliutis. Thlit is to say. betx" cell St ids 0 and 1 tlla' liruct-'ltcditg" ratio) (et us very rapjid lilal eoii-

ithere is at rtesist ancet of 3.0301 ohnis. ILikv-,visi'v Vellielt . and ztccliilttý rsuit'ils maiy I' obta iinedt.
F~or thisl t'oiiijtarisiiu it Wheatstomu' brnidlge is set
il)ip s shown iii ligtiit' 21. Al and B are' thei twvo
-ir-lis of thte ratio SOI. miid Y is; an auixiliary resis-
tatliet' of the( soicl liotitina valim ats tllt '(1st1aidid

? 3 5Ii tin. I ilit 'ulac( in I' Ilin'l'cuvy culls) Q, aind (It'e
bridgie Ihitlin( bted y varyving th I rantt io A 1B. '

D (Ii fr' -i'i'uitl iii( tnilt ill fn o'. the (\\ lhillice-, give4ý

itoh resistors. I'ii.if lit' dii hit'liec iln the~ lit i
for the' two ba~lanices is oliii ste on th In' 41.;1 di,
One rnisistor is 0.00) I li'llt t higher thtan till ott liii
If I it i1'rel lct i.-li0il0 1 pcrt t-oliit. cf100oil. foi _xuilt.ilc

0.0 1 o)iili. Which coil is; tIl' Iarlger is dcrl tiiitiid
by'AAA A t bs'rviuig wht tien llI' ratiio is iii rcareiid or

dtireasieu \%lttil thle statndiard ne',istor is r'Illacied
lfit m, 20. Shwitnbt'( dew4''b. by Owit 1iiýlkio~mu resist a icv. AetiuiillY Owli d if-
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change in temperatlure of I deg (C should not
change the ratio more thian 2 or 3 parts iii a million.

In spite of these sources of error, it is probably
0 possible to compare standard resistors ranging

from about 10 ohlns to 1,000 ohms to within
1 or 2 parts in a million bv the use of this ratio
set. This, of c(ourse, requires that the set be well
constructed, that a fairly sensitive galvanonieter
be used and that the resistances differ b%- not more

1 6 than about a tenth of a percent. ,, ithi resistances
less than 10 ohuis, the resistance of the mercury
cup contacts may (cause trouble. For this reason
standar(l resistors smaller than 10 ohms are now
almost always four-terminal resistors. .Methods
of comparing such resistors will be discussed later.

Another method for comparing nominally equaltwo-terininal. stanidard resistors, which is Ipracti-

cally equivalent to the preceding substitution
methllod, is what might be called a double substi-
tution method. In this latter arrangement, tile

Fi;ci iu 21. Wheatstone bridge for substitution method, two resistors wd(ler comnll)arison are used to form
two arms of a Wheatstone bridge, the ratio set

ference is determined in percentage of the arm Y, forming the other two arms. The resistors arefecneisdtcnIcliupretgofheamY both mounted in niercury cups so that they may
but for small differences any departure of Y from )J intr (l inmrur cupsgoltat teyiman
its nominal value is of no consequence. in series with them. After at balance is obtained

Althouglr the dials of a direct-reading ratio set in s ti the ater ble istobtained
change tihe ratios in decimal parts of a percent, it by anjustig te ratio set, tbae resistors are inter-

is desirable to mark the dials in parts per million. changed, and a new balance is obtaIned. Tie

Thus the steps on the 0.001-percent dial would b) percentage difference between the two resistors Is

marked, 0, 10, 20, etc., and the 0.01-percent dial half the differenrce between tire two readings of

would be 0, 100, 200, etc. Readings of the instru- the ratio set. This iaethod is used for the same

ment and data taken from it are then whole num- range of resistances as those measured by the

bers of moderate sizes rather than decimals. In simple substitution method, ard about tie same
accuracy may be attained.

the discussion that follows, it is assumed that the Comparison oJfjour-tprminal resistarces with two-
ratio set is marked in parts per million, andi that terminal resistance.-rThe direct-reading ratio set is
corrections to resistors are also expressed in parts convenient for the comparison of two-terminal with
per million. Bridge readings anti corrections to four-terminal resistances. Althrougho the occasion

standards are then readily added and subtracted fou-tem resfothe Arisongo two-terin

and calculations are greatly simplified. seldom arises for tie comparison of two-terminal

In comparing nearly equal resistances by sub- with four-terminal standard resistors, it is often

stitution, the lack of correct adjustment of tie necessary to compare a standard resistor of one

coils of a well-made ratio set will cause errors of type with a resistance coil of the other type. Thus,
muchiless than l paderatin a t millon. The eariation in measuring the coils of many pieces of electrical
nn tihe contact rtance of t he darit ioe apparatus it is impossible to make connection withtresistance of the dial switches may the coils except through comparatively large con-
be appreciable unless they are kept clean. The r,

switire sioul befreuenly leae(Ian~ hrri- necting resistances. However, it is generally pos-switches should be frequently (,leaned and luibri- t

cate(l with a little good-quality light oil. When sible to make potential connections to the two

kept in good condition, the resistance of the three ends of the coils and measure them as four-terminal

switch contacts should not vary as much as a conductors. In doing so, it is often convenient to

thousandth of an ohm. From the values of the compare them with two-terminal standard re-

coils on the 0.001 percent dial, we see that a varn- sistors.
ation of a thousandth of an ohm will cause earn- In figure 22, X is a four-terminal resistor to be

ations in the ratio of 1/3.6 of a part in a million. measured, having the current terminals TL ard T',
In comparing resistances by the substitution and potential terminals P, and P2. The potential

method, the two balances of tire ratio set shoul leads may contain considerable resistance in addi-tion to that of the leads. A and B are the two
be made quickly so that temperature changes will arms of tie direct-reading ratio set, and M, arl
not cause variations in the ratio set between read- A1 2 are mercury cups into which either a two-
ings. It is best to have all coils of the ratio set terminal standard resistor or a short circuiting
made from the same lot of resistance material, link may be placed.
If this is (lone and manganin coils are used, a Suppose we start with the galvanometer con-
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flectedl at PI, a standaritid rei'stor nionminally equal1 T xT

to X inisertedl in Al,, and wit A12 shorted. We FA ý

then have a simple W~heatstone bridgge, which is
balanced by varying the setting of the ratio set.
After this balance is obtained, the galvanometer ýOP

connection is shifted to P.%, andl the stand~ardl re- ,M
sistor is placed in A12,, Al, being short ed with the
link. We again have it Whaeatstone bridge but
with thle standard resistor artd unknown inter-G
changed. This in terchiange has b~een ob~tainedi
without making any change in tile resistance of the(
leadls of the meastiri ug circuit, except, for possible
variations in the resistances of the mercury cup
contacts, which will lbe small if tile mnercuiry conl-AB
tacts are clean. The bridge is now again b~alanced
by means of the( ratio set. The percentage dliff'er-
ence between the unknown and the standlard re-
sistor is half the diff-t ence In readling of the rntio)
set for the two balances. Unless the r'esist~ances Fici Ri, 22. Alea s urente n of 4-Imtvrinal resis~tor.
tinder comiparison are fairly large, it will be neces-
sary to take into account the resistance of thleL
short.-circu Iting, link. This is (lone lby subtracting
the link resistance from thle resistance of the
standard resist or and considering that the resistor
has this new vailue and is being interchianged with
a link of zero resistance.

The resistance of thev link can he measured its
follows: Connect the I Ink between two 1 -ohmi
resistors to formn two armis of at XMhatstone b~ridlge,
tusing the direct--reading, ratio set for the other
two arms, as shown in fig-ure 2:3. L is the link,
and A anrd B are thle atrmts of the ratio set.. Two
balance readirngs are tatken, first with the gal-A
vanometer connected atit one cmen of L 1111( then.
at the other. Halaf the difference in the readings
is the value of the link resistance in pereentage
of the 1-ohm arms. If the link resistance is large,
it may be necessary to use latrger resistances, I'l Fict-Rm 23. AMcasiremnci oýf lead resistance.
place. of the I -ohm coils. This mnet hod is very
convenienit for thle Meauttremenctt of small resist.- m a
ances such its links, connecting wires, switch 0
contact resistances, et.C. It is atot a p~recision
niethod but usually is sufficiently accurate for the

eticsureliveilt of resistanlces Sucohi as those just bY
menetionted, which are to be tusedl in series with
lau ger resistances.

Substitution. method for decades.--- I n the calibra- lqq
tiomi of precision rheostats thle occasion often
arises for the measurement of at series of resistors,
of the saine nominal vilue. This is readily done G

by the suibst tiition mlethlod, ulsing at standard
resistor of the same value ats the steps of the
irheostat, reading dhiffereitces onl a direct-revading
ratio set,. The proceolure is illustrated in figuire
24. In this figure PRl is the( p~recision rheostat
to be calibrated, anol let us assume that, the 10- A B
ohin-per-stel) dial is to b~e checkedl. PB is thena
a plug box or any decade with 10-ohm istep~s, andl
Af is a pair of mercury cups in which is p1) acedl a
standlard 10-ohm resistor. The arm Y is at 1(10-
ohim resistor whose value nteed riot be accurately Fic rimE 24. Test of decaodes by subsintution.
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known, and A and B are the two arms of a direct X
reading ratio set. The reading of tile rheostat
under calibration is set at zero, the plug box is a b
set at 90 and the 10-ohm resistor is placed in X Y
Al, making the total nominal resistance of the
arm 100 ohms.

After the bridge has been balanced by changin 0.
the setting of A, the standar(i resistor is removeu
and the mercury cups shorted with an amal-
gamated copper link, and also the reading of
PR is changed from 0 to 10 ohms. This has in
effect substituted a 10-ohm step of PR for the
10-ohm standard resistor. The change in the
reading of A required to again obtain a balance A
of the bridge. is a measure of the difference between
the step on the rheostat and the standard resistor,
such difference being a percentage of 100 ohms.
The second 10-ohm step on the rheostat is obtain-
ed by leaving PR at its. 10-ohm reading, again FIuRE 26. Lead resistances in Wheatsione bridge.
placing the standard resistor in Al anti reducing
the PB resistance to 80 ohms. These three case when the individual resistors are measured
resistors still total 100 ohnis, nominally. The directly. This may be seen by reference to figure
standard is now again replaced by a short-circuit- 25, which represents the connections to one dial
ing link, and PR is set to rend 20 ohms, the result- of the rheostat. The switch contact may be set
ing change being read from A. Tile change was on the contact studs marked 0, 1, 2, 3, etc., thus
produced by the substitution of the second 10-ohm connecting 0, 1, 2 or more resistors between the
step of the precision rheostat for the 10-ohm dial terminals S and T. It should be noted that
standard. the resistors are usually connected in series and

The procedure is continued; the steps of PR lead wires are connected from the junctions of the
being successively substituted for the standard resistors to the switch contact, studs. If the resis-
resistor. It should be noted that the steps of tors are chibrated by measuring between studs 0
the auxiliary plug box, PB, are also being replaced and 1 ,1 and 2, 2 and 3. etc., two of these leads are in-
by the standard resistor as PR is being increased eluded with each resistor. In actual use all the
anid PI? decreased in reading, the standard being leads to the coils in use are not in the circuit, but
cut in aid out of the circuit. Data are therefore only one lead is used for" any setting of the dial.
obtained for calibration of both PR and PB in The above method of calibration determines the
terms of the standard resistor. Hence bv this step as in actual use, the only additional data
method, two precision rheostats may be calibrated required being the resistance between terminals
simultaneously. with the dial set at zero. This is readily measured

When 10-ohm steps are calibrated in a 100-ohm by the method just described for the determination
arm, the accuracy is reduced by one order. Tiat of link resistanc, s. For any setting, this "zero
is to say, differences in readings of the ratio set resistance" must be added to the sum of the steps
must be obtained to 0.0001 percent if the 10-ohm as determined by substitutions.
steps are to l)e determined to 0.001 percent. The Comparison of four-terminal resistance stand-
method has the advantage that changes in the ards.-Before taking up the question of the
over-all resistance of the rheostat are determined comparison of four-terminal standard resistors,
under the conditions of use, which is often not the let us consider briefly the effect of the lead wires

of a simple Wheatstone bridge. In figure 26, X
and Y are nominally equal resistances, and A and
1B are the two arms of a direct-reading ratio set.
The conductors x, y, x', and y' are used to connect
up the bridge, and we will also denote their resist-
ances by x, y, x', and y', respectively. The ratio
of the resistances of the two arms containing X

3 and Y is not in general the same as the ratio of
2 ~ X to Y because of the resistance of these con-

necting leads. If we could select leads such that

T the ratios x/y and x'/y' were the same as X/Y, the
$_0 a ratio of the two arms would be independent of the

actual values of the lead resistances. That is, the
Fmu~tu 25. Dial connections, balance would be the same as if the resistances of
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the leads were negligibly small. It is possible to bridge balanced is 5497 millionths, and with the
make the leads adjustable and make the f'atios galvarometer connection changed to b, the reading
x/y and x'/y' the same as X/1'. In fact, such an is 5613. Let us further assume" that when we
arrangement is used at. the National Bureau of change the battery leads to a' b', leaving the
Standards to reduce the effect of the leads when galvanometer connected at b, the balance reading
using the Kelvin double bridge. Instead of adjust- changes to 5835. Then with leads of the proper
ing the leads, it is possible to balance the bridge ratio, or leads with negligibly small resistances,
with fixed leads, and then find what this balance the balance would have been at (5,613+5,497)/2+
would have been with the proper ratio of lead re- 10/11 (5,835--5,613); i. e.. at 5,757.
sistances, or with negligibly small lead resisinces. As a matter of fact, this scheme for taking into

X and Y were assumed to have practically equal account the connecting leads is practically never
resistances. Instead of connecting the galvanom- used in comparing two-terminal resistors. As the
eter as shown, suppose we balance the bridge with substitution method requires no consideration of
the upper galvanometer connection first at a and the lead resistances, except to see that they are
then at b. The average of the two readings is reasonably small, it is generally used. However,
the value that would have been obtained had the in comparing four-terminal resistances with a
conductors x and y been equal or negligibly sinall simple Wheatstone bridge we follow exactly the
in resistance. Thus, by taking two readings we steps outlined above. Figure 27 shows a bridge
can take into account the effect of these two set up for this purposiv. A and B are the two
connecting resistances. This average balance arims of the direct-reading ratio set. X and Y are
reading is not the correct reading, however, unless the four-terminal resistors under comparison,
also x'=y', which is probably not true. We must with current terminals TI, T2, T,', and T2', and
now find what this balance would have been with potential terminals P1, P 2, P,', and P2'. The
x'=y'. To (1o this sUp)pose we shift the current bridge is balanced when connectefd as shown, and
connections from the points shown to the points a second balance is obtained after shifting the
a' and b'. In (loing so we remove the lead resis- galvanometer conmw'-' i to P,. The third bal-
tances x' and y' from the X and Y arms and ance is obtained ait,.r 7)ow changing the current
conniect thnip. in serieswitlh theratioarmssAand B. connections from i•' and T,' to P1 and P,', and
If .x' and y' are not equal, we will change the Cal iAL Lions are made as above. The two arms
balance of the bridge by removing them from the k and Y are now interchanged and the three
arms X and Y. We will have still further changed readings again obtained. From these two sets of
this balance by adding them to the ratio arms A readiig•, wt, ge' two balance points on the ratio
and B. Which of these changes is the greater set. Ihalf the difference between these two balance
depends upon the relative sizes of the two pairs readings is the percentage difference between the
of arms. If A and B are equal to X and Y, the two four-terminal resistors.
changes will be equal. That is, with all arms Although the direct-readliig ratio set was
nominally equal the balance would be changed a developed for use in the comparison of nominally
certain amount if the battery connections were equal resistances, it can be readily adapted for the
shifted to a' and b'. This change is twice that comparison of resistances of any ratio provided
which would have been obtained had we only some independent means is available for accurately
removed x' and y' from the X and Y arms. The
average of the readings before and after changing T2 C T;
the battery connections is then the reading that
would have been obtained with x'=y' or both
negligibly small. X

Suppose, however, that A and B are ten times P2 P2'
as large as X and Y. Then connecting x' and y'
in series with A and B produces only a tenth as
large a change as is caused by their removal from
aX and Y. Then ten-elevenths of the change in T1

balance when the battery contections are shifted G
is due to the removal of x' and y' from the X and Y
arms, and the remaining one-eleventh is due to
the connection of the leads in the ratio arms.
This enables us to calculate what the balance
would be with x' and y' equal or negligibly small.
As an example, suppose X and Y are each 10
ohms. and the arms of the direct-reading ratio set
are 100 ohms. Assume that with the battery
connected as shown in figure 26 and the galva-
nometer at a, the reading of the ratio set with the Fic URF 27. Comparison of 4-terminal resistors.
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realizing the same resistance ratio. As an example
of such a use let us consider the calibration of a
25-ohm resistor by comparison with a 100-ohm
standard.

As has been described above, the direct-reading X s
ratio set consists of the arm A, which is adjustable
in small steps from values slightly below to slightly
above 100. ohms. The B-arm is ordinarily a fixed
100-ohm arm. Suppose we change the B-arm
by connecting an additional 300 ohms in series.
The ratio A/B then becomes 100:400, which is G

adjustable in the same percentage steps as was
the 100:100 ratio. Using two sets of mercury
cups, let us set up the bridge shown in figure 28.
The 25-ohm resistor is placed at X and the 100-
ohm standard at S, and the bridge is balanced
by adjusting A, and let us call this reading A. A

Also let A. be the reading A would have had if the
X and S arms had been exactly in the ratio 25:100.
If cý and c, designate the proportional corrections
of X and S, the actual balance A, of the bridge,
will be FicURE 28. Bridge with 1:4 ratio.

A=Ao+c,-c.. (19)
resistors do not need to be equal to a very high

Since A is obtained experimentally and c, is precision. However, they must not differ by more
known, this equation could be solved for c, if AO than 0.1 percent if the average of the five ratios is
were also known. To obtain A 0, the arms X and to be correct to one part in a million.
S must be replaced by a resistance ratio of exactly A procedure analogous to this method of obtain-
1:4. ing a ratio of 1:4 may be followed to determine any

To realize a 1:4 ratio it is necessary merely to ratio 1 :n, where n is an integer, by taking the
have five resistors that are reasonably nearly equal. average of n+-1 ratios. It may also be used to
If one of these five is connected in place of X and determine any ratio r:n, where both r and n are
the other four in series in place of S, the ratio will integers. Starting with r+n equal resistors, r in
be only approximately 1:4. However, if the five one arm and n in the other, the resistors are
resistors are placed one after the other in X, the rotated in a cyclic order until each resistor occupies
remaining four each time being connected in S, each position once. The average of the r+n
the average of the five ratios will be 1: 4 to a very readings is the reading that would be obtained if
high accuracy. In other words, the average of the all resistors were equal. Moreover, the resistors
five readings of A with the five resistors in turn in either arm may be in parallel rather than in
at X, the remaining four in series in the S-arm, series.
will be A 0, the reading of A for an exact 1:4 ratio. In the calibration of high resistances, use may
This value of A 0 can be substituted in eq 19 to be made of the fact that the proportional correc-
allow the calculation of c., the proportional cor- tion to a group of nominally equal resistors is the
rection to the unknown 25-ohm resistor. same when they are connected in parallel as when

Another method of obtaining A 0 would be to connected in series. For example the ten 100,000-
balance the ratio set with one resistor at X and ohm sections of a megolim box may be connected
the other four at S, thus obtaining A of eq 19. in parallel and measured against a 10,000-ohm
The five resistors could then be substituted in any standard resistor. If the parallel group is high
bridge and their differences determined. The in resistance by 0.01 percent, the series resistance
terms c, and c, are then the amounts in propor- of 1 megohm will also be high by 0.01 percent.
tional parts that the resistor in X and those in S Here it is assumed that the ten sections are suffi-
differ respectively from the average value of the ciently near to equality that in the expansion
five.

To get an accurate value of the 1:4 ratio, the 1
five resistors should have large enough resistances - I -c+-c- etc. (20)
that the lead resistances of the X and S arms are 1+C

negligible, or the lead resistances should be in the
ratio 1:4. They may usually be so set with a the second and higher powers of c are negligible,
sufficient accuracy by shorting Xand Sand adjust- where c is the proportional amount by which the
ing the bridge circuit so obtained to a balance by resistance of any section differs from the average
changing the length of the lead wires. The five of all. If this condition is satisfied, the ratio of
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the resistance of n resistors in parallel to their 'A b c ^ d
resistance in series is exactly 1 : n2.The methods that "I've Ijust been presented
assume the use of a direct-reading r'atio set. These

methods, however, are entirely satisfactory when
use is made of any ratio set that has small and
definite steps. Such a set may be assembled from I

ordinary laboratory apparatus. For example, the
adjustable 100-onlm arm might be made of a
105-ohm coil with a parallel decade box reading
about 2,500 ohms. A change in reading of the
decade box by 0.1 ohm would change the 100-ohm
arm by about 1 ppm. The changes in the parallel
resistance are not directly proportional to the
change in the high resistance arm, but they may
be readily calcufated. This adjustable 100-ohm 2 3

arm, together with a fixed 100-ohm resistor, FiruRE 29. Comparison of resistors uith slide wire.

constitutes an adjustable ratio set. R1.2/R 3, where R,.2 and R3,, are the resistances of

2. Universal Ratio Set the slide wire between the points 1 and 2, and
standard resistors are usually made 3 and 4, respectively.

Precision tal resior su ally oan It is very difficult to make a wire of sufficient
only in integral multiples or submultiples of an length and uniformity that the ratio R1, 2/R 3,4 can

ohm. Consequently odd-valued resistors usually be accurately determined. Instead of a slide
cannot be measured by a substitution method, wire, the universal ratio set makes use of a group
except in a few cases where standard resistors can of wire wound resistors so that the resistances
be combined to give a resistance ncarly that of the between the balance points 1, 2, 3, and 4 can be
unknown. The comparison of odd-valued resis- accurately known. The arrangement of its dials
tors with standards is thaen not possible with a is as follows. The highest dial consists of twenty
direct-reading ratio set, but a ratio set is required 100-ohm resistors in series, with the dial contact
that is accurately adjustable over a wide range, acting as the potential connection to the instru-
at least from a 1:1 to a 5:1, or preferably to a ment, as shown in figure 30. As the dial is
10:1 ratio. rotated in a clockwise direction, the 100-ohmA very convenient wide-range ratio set is one resistors are successively changed from the right

used at the National Bureau of Standards and to the sidesoive cnta d To che rist

called a "universal ratio set" 1141. This instru- to the left side of tie contact. To change resist-

ment is one having a constant resistance, between two the right to left e in 10-ohm

two external terminals, of about 2,111 ohms. An two more dials are used, each having ten 10-ohimtwo xtenal ermnal, ofabot 2111 hms An steps as seen in figure 31. These two dials are

arrangement of dials is such that in effect a poten- operated by the same handle but with one dial
tial connection may be made at any point of the opered by the same dlerbutewin dial
2,111 ohms to the nearest 0.01 ohm. The ratio increasin as th other decreases in resistance.
of the resistance between the potential point andbetween S and T remains
oneterminalof thesetto the resistance between thepoconstant for any setting of the 10-ohm decades,
one terminal of the set to the resistance between

the potential point and the other terminal is
therefore adjustable in small steps over a very
large range. The device is the equivalent of a
long slide wire with a movable contact, and its
uses are analagous.

Suppose it were desired to measure a resistance
of say 6.8 ohms by comparing it with a 10-ohm
standard resistor. The two resistors could be
connected in series and the combination connected
across a slide wire as shown in figure 29, X being
the unknown, S the standard, and W a slide wire.
If a galvanometer, G, is connected to terminal a
of the unknown and to the slide wire, a Wheat-
stone bridge is obtained that will balance with
the slide wire at some point, 1, near the end. If
now the galvanometer connection is changed suc-
cessively to b, c, and d, successive balances will be
obtained with the slide wire at 2, 3, and 4, respec-
tively. The ratio XIS is then the same as FiGuBF 30. IO0-ohni dial o/f universal ratio set.

26 Circudars of the Natlonal Bureamt of Standards



IOOASTEPS

IASTEPS AIOfSTEPS

19

S ZT

FirURE 31. 100- and 10-ohm dials of universal ratio set.

and of course it is unaffected. by the position of some resistance is common to both the standard-
the 100-ohm dial switch that is merely a potential cell and main-dial resistance. The arrangement
contact. for such a test is shown in figure 32. The ratio

Steps of 1, 0.1, and 0.01 ohm-per-step are set, URS, which is shown as a slide wire, is con-
obtained in the same way as the 10-ohm steps, nected in parallel with the potentiometer, the
that is with two decades of each denomination connection. to the latter being made to the battery
operating together, one on each side of the 100-ohm binding posts, BA+ and BA-. Readings on
dial. This scheme for the change of the potential URS are made with the galvanometer connected
point along a fixed resistance is essentially the successively to the SC and emf binding posts, for
same as that of the Feussner type potentiometer. all settings of the emf dials. It should be noted
The large number of contacts in series limits its that changes in the emf dials are merely changes
use for precision work.to circuits having a rather in potential points and do not affect the readings
high resistance. obtained for the SC dial.

The universal ratio set is used only for the Potentiometers are provided with rheostats in
determination of resistance ratios and hence may the battery circuit for adjusting the potentiometer
be calibrated in terms of any unit. It is most current. A change in this battery rheostat will
conveniently calibrated in terms of an average change the differences in readings obtained on the
step on the highest or lowest dial. This is (lone universal ratio set. but not the ratio of the differ-
by comparing each step of a decade with the ten ences. It is possible to make the ratio set direct-
steps of the preceding dial starting with the reading by adjusting the battery rheostat until the
smallest dials. Only the steps on one sile of the difference on the ratio set for the standard-cell
100-ohm dial need be tested, as the function of posts is a decimal multiple, preferably 1,000, of
the other group is to keep the total resistance the reading of the standard-cell dial. Corrections
constant. A check of the constancy of the over-all for tile emf dials may then be read directly from
resistance needs to be made for all readings of the differences across the emf terminals.
double dials.

The use of a universal ratio set is the same as POTENTIOMETER

that of a slide wire as described in (conjunction BA+ -sC- -EMF- sA-
with figure 29, for the measurement of odd-sized A -
resistances. It may be used in the measurement
of four-terminal resistors and is especially con-
venient for the tests of potentiometers. The test
of a potentiometer consists in the measurement of
the ratio of tile emf-dial resistance to the stand-
ard-cell resistance for all settings of the emf and
standard-cell dials. These resistors are of the
four-terminal type with potential connections
brought out to emf and standard-cell binding uRs
posts. The method is satisfactory even when FiuRE 32. Check of potcntiometer with universal ratio set.
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V. Calibration of Precision Bridges

1. Calibration of Wheatstone Bridges SGGA

The ejicuit of a commercial precision Wheat- 2

stone bridge is usually as shown in figure 33. The
two ratio arms A and B may have any one of
several values, the choice being made by inserting X A
a plug in series with the desired resistor. The
rheostat arm, R, consists of four to six decades of
not less than 0.1 ohm nor more than 10,000-ohm
steps. The unknown resistor is connected to BA So BA

heavy binding posts, X, and a battery and gal-
vanometer are connected to the external binding
posts BA and GA. The switches SB and So open
and close the battery and galvanometer circuits.

In calibrating a bridge of this type, it is neces-
sary to determine the resistance of the ratio arms
between the branch points 2 and 3 or 3 and 4
rather than between the external binding posts,
as the resistances from the branch points to the
binding posts are usually not negligible. Also it FI,-tE 33. Wiring arrangement of Wheatstone bridge.
is necessary to find the resistance between 1 and
4 with the rheostat dial, R, set at zero, as well as sA, ,GA
the corrections to the readings of the rheostat
dials themselves. It is also necessary to measure
the lead resistances between the branch points 1 X 2

and 2, as these are in series m ith the unknown
resistance connected at X. The bridge balance
determines the entire resistance of the X-arm,
and the leads must be subtracted in order to A

obtain X itself. These four types of resistance
measurements are made by application of some of
the general principles previously discussed. 4

To measure the ratio arm B, for example, it
is necessary to determine the four-terminal
resistor having branch points 3 and 4. This is GA BA

easily done by comparing it with a two-terminal
standard of the same nominal value, making
application of the method outlined in section
IV, 1 and using the circuit shown in figure 34. , G M

The resistors a and b are the arms of a direct-
reading ratio set, or any two ratio arms that may
be adjusted in small known steps. As shown,
one side of the galvanometer is in effect connected -
to the branch point 4, through the rheostat arm,
R, which may be set at zero. The standard
resistor is placed in the mercury cups, 1l1 , and a
short-circuiting link is placed across the other
mercury cups, 312. After a balance is obtained b
by adjusting arm a, the standard and shorting
link are interchanged and the galvanometer
connection is shifted in effect to point 3 by con-
necting to the other X binding post. Half the FiGURE 34. Check of ratio arm of IWheatstone bridgc.
change in the ratio that results gives the difference
between the B-arm and the standard resistor. resistance of the galvanometer key, which will

The resistance of the A ratio arm may be now be in the measuring circuit. This may be
measured in exactly the same way as for the avoided by interchanging the adjacent X terminal
B arm by making connection to the other GA and the GA terminal. The galvanometer would
terminal instead of the one shown. Some (liffi- then be shifted from one X binding post to the
culty may arise from variations of the contact GA binding post instead of from one X binding
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post to the other. That is to say, the current an(i order to read to 0.001' C, it is necessary to read
potential connections at point 2 may be inter- these thermometers respectively to 0.00001 or
changed. Thtis will place the variable galvanometer 0.0001 ohm. For such measurements, bridges of
switch resistance in series with the galvanometer special design are usually used.
where it will not affect the bridge balance. In this country thermometer bridges for precl-

The rheostat arm, R, may be calibrated like sion work are usually made with equal ratio arms.
any other precision rheostat as described in These arms are interchangeable, so that the use
section IV, 1. Connection should be made of an average value eliminates errors from lack of
through the appropriate X and GA terminals, equality of the ratio arms, or the ratio arms may
The resistance of the rheostat arm with all be interchan eable and adjustable so that they-
dials set at zero may be measured by connecting may be made equal at any time. With such
the arm between two equal resistors, using a interchangeable ratio arms, actual calibrations of
direct-reading ratio set to connect up a NWheat- them are unnecessary. The calibration of a ther-
stone bridge. The change in the reading of the mometer bridge requnires only a calibration of the
ratio set is determined when the galvanometer rheostat arm.
connection is changed from one branch point of In order to measure platinum resistance thier-
the rheostat arm to the other. This is the same mometers, which as stated above are usually not
as the method given in section IV, I for the very high in resistance, with a brid Ve having equal
measurement of lead resistances. In a similar ratio arms, it is necessary to have the rheostat arm
way, the lead resistances in the 'X arm may be adjustable in small steps. In fact, steps as low as
determined, taking readings with the galvanom- 0.0001 or 0.00001 ohm are needed for work of the
eter connection to branch points 1 and 2 and to highest precision. In order to obtain such small
the external X binding posts, with the latter steps, contact resistances cannot be used directlv
connected by a shorting wire. The calculation in the rheostat arm. hence recourse is had to
must be made in two parts in order to exclude the decades of the WXaidner-Wolf" type described above
resistance of the shorting wire. in section 11I, 5, in which the changes in resistance

For calculating X from the calibration data, it result from changes in the values of high-resistance
is convenient to express the corrections to the shunts on comparatively small resistances.
readings of the rheostat arm in ohms and to cx- Switches are placed in the high-resistance shunts,
press the corrections to the ratio arms in pro- where variations in their resistance will have a
portional parts. The calculation in proportional negligible effect. Decades of the Waidner-Wolff
parts involves merely a division of the correction type cannot be set to have zero resistance, but
in ohms by the nominal value in ohms. The the small changes start from an appreciable mini-
value of X for a giveri balance is calculated from mum value. towever, for equal-arim bridges,
the equation compensating resistance may be placed ill tile

X-arm. The value of the unknown is then meas-
X=B (1 +a-b) (R+r+r(,)-Ao. (21) ured by the increase in reading of the rheostat arm

when the unknown is connected into the circuit.
The use of a resistance thermometer to nmeasure

In this equation a and b are the proportional cor- temperature involves merely the determination of
rections to the ratio arms A andi B respectively, resistance ratios. IHence in calibrating thernloni-
R-4-r is the sum of thle dial readings anld correc- eter bridges it is necessary to determine only rela-
tions, and r0 is tite resistance of the rheostat arm tive values of resistance, which( does not require
with all dials at zero. The term X 0 is the resist- the use of standard resistors. This calibration Is
ance in ohms of tile lead wires in the X-arm of readily made by the user, especially for bridges
the bridge. The factor (I +a-b) is an approxi- having equal ratio arms.
mation for (1 +a)/I(l +b) and is accurate if a and b The calibration of such thermnomneter bridlges
are small as compared with unity. If neither a requires as auxiliary equipment only all adjustable
nor b exceeds 0.001, the error from neglecting the resistor that has tile same range as that of the
second-order t erms does not exceed two parts in bridge rheostat. This resistor needs to be accu-
a million, rately adjustable, although the resistance need

not be known for ally position. Such all adjust-
2. Calibration of Thermometer Bridges able resistor may be assembled, for example, from

a decade box with minimum steps of 0.1 ohm in
Because of the space limitations and structural series with ani 0.1- or 1-oh11 resistor, which is ill

difficulties, platinum resistance thermometers usu- turn shunted by a slide wire or a rheostat of fairly
ally have resistances of less than 100 ohms. The high resistance. This adjustable resistor is con-
common values are about 2.5 or 25 ohmis, the nected across the X-terminals of tile bridge and is
actual values being so chosen that tit(, change in used to balance the bridge lifter the rhleostat arm
resistance is very ('lose to 0.01 or 0.1 ohm ier is set to certain required readingls. The shunted
degree centigradleh change in temperature. In 0.1- or 1-ohm should be attached to tile N-termi-
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nals so as to be adjacent to the rheostat arm. If setting, and balance the bridge by adjusting X.
a slide %ire is used for. the shunt, the sliding coil- The galvanometer deflection is now read when the
nection should be used as the galvanometer branch lowest dial reading is changed from 0 to 1. Leav-
point so that its variable resistance will be in the ing this dial on 1, the bridge is again balanced
galvanonieter branch where it will not affect the with the X-rheostat, and the galvanometer deflec-
balance. This, in effect, throws the shunted re- tion then again read for a shift of the lowest rheo-
sistance partly in the X and partly in the rheostat stat dial from 1 to 2. These alternate balances
arm. We then have the equivalent of the bridge with rh and X are continued until the value of
shown in figure 35, the ratio arms A and B being all the steps on the smallest dial of rh are deter-

mined in terms of galvanometer deflections. Un-
less one of the steps is defective, these should be
the same to the nearest 0.1 step.

The steps on the second dial of rh should each
equal the 10 steps of the lowest dial. They are

A measured in terms of the lowest dial by setting
the lowest dial at 10 and the second dial at 0, the
other dials being at any convenient value, usually
small in order to obtain good sensitivity. With
the lowest dial at 10 and the next larger dial at 0,
the bridge is balanced by adjusting the value of X,
after which the smallest dial is turned to 0 and
the other dial shifted from 0 to 1. If there is now
any galvanometer deflection, it is because the first
step on the second dial is not the same as 10 steps

X on the smallest. The amdunt that they differ, in
terms of steps of the lowest dial, is determined by
reading the galvanometer deflection and evaluat-
ing this deflection by reading the additional cliange
in deflection resulting from a change of the smallest
dial setting from 0 to 1.

To measure the second step on the second dial
its reading is left at I and the lowest dial now set
at 10, a balance being obtained with X. The
lowest dial is now set back to 0 and the other
increased to 2, thus substituting the second.step
of the higher dial for 10 steps on the lower. The
lack of balance is again translated into fractions

0.1 A of a step on the lowest dial by interpolation, using
galva nometer deflections. This procedure is con-

Fic.tni; 35. ('alibration of rheostat arm of theTmometer tinned, each step of the second dial being compared
bridge. in turn with the 10 steps of the lowest dial. A

table is now made showing the value, in terms of
accurately adjusted to equality. For a balance steps of the'lowest dial. of the first step of the
the rheostat arm, ,'h, and the .N-arm must be also second dial, the sum of the first two steps, sum of
equal. If then X is changed by any amount, as the first three steps, etc. This table will give the
by the insertion of a resistance thermometer in resistance corresponding to any reading of this dial
series, the rheostat would have to be changed by in terms of steJ)s on the snmllest dial, which we
an equal amiount to again balance the bridg(e, might call "bridge units".
Thus, actual values of the rheostat arm need not The values of the steps omi the next higher dial
be known if changes in the armi are accurately are now dctermined in the same way but in terms
determined, of the 10 sieps on the second dial, the unit again

The lproethlmir for checking the rheostat arm is being a step on the smallest dial. The continua-
usually as folhows. Thi resistances of all steps in t ion of this process gives the resistance of each step
the arin are deterni ned in ternis of an average of each dial in terms of the 10 steps on the preced-
step on t014. smallest dial. The steps of the small- ing dial, from which finally is calculated the re-
est dial are first intercolnipared to see that they sistance for each setting ot each dial in terms of
are equal wit lin 0.1 ste,), which is as accurat ely bridge units
as the steps may be reiadily read by interpolation The resistances as determined may be used
from galvanomntvr dlelec(tions. An easy way to with any resistance thermometer without con-
intercomlare the steps on the lowest dial is to set verting "their values to ohms. It is sufficient to
it at 0, the other dials being at any convenient standa;'dazrdz the resistance thermometer on this
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same bridge, by measuring its resistance at known "zero" resistance of the rheostat need not be
temperatures. However, it is often desirable to determined, if two bridge balances are obtained,
convert the values to ohms in order that the bridge the first with the unknown connected to the X-
may be used for the measurement of resistance terminals and the second with the unknown re-
other than that of thermometers. This is done by sistance short-circuited.
measuring the resistance of a standard by balanc- Many precision thermometer bridges provide a
ing the bridge with the standard resistor connected shorting plug for short-circuiting the resistor con-
to the X-terminals. All readings of the rheostat nected to the X-terminals. The galvanometer
should then be multiplied by the ratio of the connects to the center of the shorting connector
resistance of the standard in ohms (rather, the so that equal amounts of its resistance are inserted
difference between its resistance and that of the in the X and rheostat arms thus giving the same
shorting connector) to its resistance in bridge units balance as if the shorting connector had a negligible
in order to convert the rheostat calibration to ohms. r

The above procedure may be used for the cali- resistance. With this method it is unnecessary to

bration of the rheostat arm of any Wheatstone know the resistance of the shorting connector,
bridge, in terms of steps of the lowest decade and although such resistance may usually be esti-
then in ohms, by comparison with a standard mated with sufficient accuracy from its length and
resistor. When used with equal ratio arms, the gauge size.

VI. Resistivity of Solid Conductors
1. Resistivity, Definition and Units 2. Measurement of Resistivity

In the experimental work that led to the formu- For a uniform conductor, it is merely necessary
lation of his law, Ohm found that the resistance, to measure the resistance of a known length of the
R, of a conductor is directly proportional to its conductor and then measure its cross-sectional
length, 1, and inversely proportional to its cross- area in order to determine its resistivity. For con-
sectional area, A. These experimental facts may ductors of small cross section, it is usually possible
be written in the form of an equation as to use a sufficient length that the resistance may

be accurately measured with a simple Wheatstone
R=PA, (22) bridge. For conductors of large cross section, it is

customary to measure the resistance with a Kelvin
where p is a constant of proportionality whose double bridge in order to avoid errors from contact
value depends upon the material of the conductor resistances. Wherever possible, the cross-sectional
and upon the units used in measuring 1 and A. area is calculated from micrometer measurements.
This constant of proportionality is called resis- For conductors of small or irregular cross section,
tivity. micrometer measurements are not sufficiently

The above equation, which defines resistivity accurate, and the average area is determined from
may be written mass and density measurements.

P=RA For a uniform conductor the cross section, A, ispR " (23)

V
No name has been assigned to the unit of resis- A=-1 ) (24)
tivity, and consequently the unit is specified b
stating the units used in measuring R, A, and. where V is the volume and I the length of the con-
This has resulted in the use of a large number of ductor. But since, from the definition of density,
units, as each of R, A, and I may be expressed in D,
more than one unit or subunit. From the above m
equation for p, it is seen that the value of p is V mD (25)
numerically equal to that of R for a conductor D

having unit length and unit cross-sectional area.
A cube is such a conductor, and this has led to the where m is the mass, the preceding equation may
rather common expressions for the unit of resis- be written
tivity "ohms per cubic inch" or "microhms per m (26)
cubic centimeter". These expressions are unde- A=D.(
sirable, because they imply that resistivity is the
ratio of resistance to volume. It is logically better For many purposes it is sufficient to assume the
to say "ohms times square incites per inch", density as that given in tables. If this is not
"microhms times square centimeters per centi- sufficiently accurate, the specific gravity is deter-
meter"' or more briefly "ohim-inches" and "mi- mined from weighings in air and in water, and
crohm-centimeters". from these data and the density of the water, the
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density of the conductor is determined by the liquid of known resistivity. In this case measure-
equation ments of dimensions may be avoided, as the known

and unknown are given the same dimensions by
D- F. D. (27) placing them in turn iii the same container or

W. U'. ''conductivity cell." The ratio of their resistivi-

ties is tlen the same as the ratio of tlheir resis-
where w' and wt, are the weights of the specimens tances. Mercury is often used as the liquid of
in air and water, respectively, and D,. is the known resistivity, since its value is accurately
density of the water. At a temperature of 210 C, known.
the density of water is 0.998 gm/cm3 and this value Although the rtsistivity of mercury is known
decreases uniformly to 0.997 gm/cm 3 at about to a high accuracy, its use as a liquid of known

250 C . tosa tiigh m ay its errors of considerable
Instead of calculating A separately, the value of resistivity may lead to errors of considerable

magnitude. In comparing the resistivity of
A from eq 26 may be sub~stituted ino eq 23, giving liquids by placing them in turn in the same cell

and measuring their resistance, it is tacitly as-

R- R 1 (28) sumed that the current distrilbution through the
1 1 D. cell is the same for both liquids. This may be

incorrect unless the liquids have very nearly the

From this equation it is seen that the resistivity, p, same resistivity, as the (listribution of current in
equals the product of resistance per unit length the cell depends to some extent upon the resistance
and mass per unit length, divided lby density. of the metal ehlctrodes. For high-resistivity
The length need not be the same for the resistance liquids theie resistance of the electrodes may play
and mass measurements if the material is uniform. a negligible part in determining the current dis-
For two conductors having the same density, the tribution, but in the case of mercury, which is a
ratio of their resistivities is the same as the ratio relatively good conductor, the current (listriliu-
of their values for the product R/iXm/1. This tion may depend t.o a considlerable degree upon the
product is called "mass resistivity", and is a dimensions of the electrodes and upon the resis-
constant that is characteristic of the material of tivity of the metal of which they are made.
a conductor, being D times as large as the or- In determining the resistance of a liquid, it is
dinary, or volume, resistivity. The mass resis- necessary to use an alternating-current bridge.
tivity is often specified in the purchase of con- When a direct current is used, the ions in the
ductors for electrical uses, and it, is sometimes more liquid will drift towards the electrodes thus making
readily measured than is volume resistivity, the density nonuniform. Moreover, polarization
However, it is doubtful that, this advantage is will often be produced by the liberation of gases
sufficient to compensate for the confusion that at the electrodes. When measured with alter-
arises from the use of two types of resistivity. nating current a conductivity cell is found to be

It is usual commercial practice to specify electrically the equivalent of a resistor and a
percentage conductivity rather than resistivity, capacitor in parallel. This requires a balance
especially in the purchase of copper conductors. of reactance as well as of resistance when the cell
Conductivity is the reciprocal of resistivity, and is measured in an alternating current Wheatst.one
percentage conductivity is obtained by dividing bridge.
the resistivity of the given sample into that of the VII. References
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